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Abstract:  
Co-pyrolysis, where a mixture of two or more different biomasses are subjected to 
pyrolysis, has gained attention over the years. Many studies have revealed that it leads to 
bio-oil production with desirable properties like reduced moisture content and enhanced 
caloric value. In the present study, blends of cedar wood (CW), algal biomass (AB), and 
digested sludge (DS) were subjected to co-pyrolysis in presence and absence of the 
catalyst ZSM-5. Differential Scanning Calorimetry (DSC) analysis was carried out for 18 
different combinations of these biomasses to assess the total activation energy (Ea), 
change in enthalpy (ΔH), and change in Gibb’s free energy (ΔG) for these blends. The 
lowest value of Ea (87.28 kJ/mol) and ΔH (80.49 kJ/mol) were obtained for the 2:1 wt/wt 
catalyst to 1:1:1 wt/wt biomass blend of CW: AB: DS with ΔG value of 207.62 kJ/mol.  
Statistical analysis of the DSC data resulted in significant response surface 
models (RSM) for Ea and ΔH, but could not model ΔG well. Additionally, it has 
demonstrated that the catalyst addition to blends reduced the energy requirement for 
pyrolysis. Therefore, based on the RSM models for Ea and ΔH, 2:1 wt/wt blend of ZSM–
5 to biomass: 57.14 wt % DS, 4.29 wt % AB and 38.57 wt % CW was chosen as the 
optimum combination (OC). The 2:1 wt/wt ZSM–5: biomass blend containing equal 
weight fractions of three biomasses produced a bio-oil with the highest aromatic 
hydrocarbon yield of 89.38 wt %. The aromatic hydrocarbon content of 83.12 wt % was 
obtained in the bio-oil produced from pyrolysis of OC. Naphthalene, anthracene and their 
methyl derivatives were the main aromatic hydrocarbons in the bio-oil.  
ASPEN PLUS simulation of the AB, DS and CW co-pyrolysis system confirmed 
the findings obtained with the DSC experiments indicating that co-pyrolysis can reduce 
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1.1 PROBLEM STATEMENT  
Solar radiation (from sun), wind, and biomass have been evaluated as energy sources for decades 
(Akella et al., 2009; Gutermuth, 1998; Painuly, 2001). Initially, oil from oilseed crops such as 
soybean, jatropha, rapeseed, and canola have been utilized for production of biodiesel (Chisti, 
2008; Demirbas, 2007). However, biofuel production using these crops competes with the 
availability of agricultural land for food, fiber, and feed production. Thus, a potential alternative 
is utilization of microalgal biomass for biofuel production as most of the problems associated 
with crop production are either eliminated or reduced, i.e. faster growth, lower nutrient 
requirement and no need for agricultural land for algae growth (Anand et al., 2016). Lipids and 
carbohydrates from microalgae have been utilized for biodiesel and bioethanol production, 
respectively (Chisti, 2008; Harun et al., 2010; Markou et al., 2012). During the last decade, 
conversion of algal biomass to bio-oil via various thermochemical conversion techniques has 
been gaining attention (Lam & Lee, 2012).   
Pyrolysis and hydrothermal liquefaction techniques are widely used for bio-oil production. From 
these methods, the bio-oil produced can be utilized as feedstock to produce fuels and valuable 
chemicals including levoglucosan (precursor for pharmaceuticals, surfactants, pesticides etc.) and 
formic acid (precursor for preservative, antibacterial agent) (Isahak et al., 2012; Lam & Lee, 
2012; Mohan et al., 2006). 
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There is also interest in bio-oil production via pyrolysis of wood, and digested sludge (Fabbri & 
Torri, 2016; Fonts et al., 2012; Kim et al., 2011; Mohamed et al., 2016).  
Eastern red cedar is considered an invasive plant in Oklahoma due to its adaptability to diverse 
conditions of soil, climate and topography leading to environmental problems such as degradation 
of grasslands, water absorption from soil, and displacement of native wildlife and plant species 
(Dunford et al., 2007; Ramachandriya et al., 2013). Thus, utilization of eastern red cedar in 
production of bio-oil could be beneficial in mitigation of some of the environmental problems.  
Sewage sludge is another potential pyrolytic feedstock. Sludge generated during municipal waste 
treatment comprise of a heterogeneous mixture of organic and inorganic materials. The 
conventional disposal methods such as landfill, land disposal, and incineration have limitations 
mainly due to the presence of toxic heavy metals (Cr, Cu, Ni, Zn, Fe etc.) present in the sludge 
(Fonts et al., 2012). The release of these heavy metals may have a detrimental effect on the 
environment. As a remedy to this problem, pyrolysis of sludge is helpful as it produces an oil that 
emits less pollutants (various nitrates and sulfates) than the fuels produced from other biomass. 
For example, no toxic organic compounds like dioxins are formed during sludge pyrolysis. 
Anaerobically digested sludge is produced in high quantities at urban wastewater treatment 
plants. Hence, digested sludge is another suitable feedstock for biomass pyrolysis (Agrafioti et 
al., 2013; Kim & Parker, 2008).  
1.2. OBJECTIVES 
The main objective of this study is optimization of a pyrolysis oil production process which uses 
underutilized biomass resources available in Oklahoma. The goal is development of a process that 
converts biomass mixtures rather than a single type of biomass to bio-oil that can be further 
processed into biofuels and/or high value industrial chemicals. Our hypothesis is that utilization 
of more than one type of biomass in the process will improve the sustainability of long-term 
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feedstock supply and allow flexibility in the formulation of the chemical composition of the bio-
oil produced during the process.  
Three types of biomass will be examined in this study: cedar wood, digested sludge, and algal 
biomass.  
The specific objectives of the study are; 
1) Determine three-biomass blend compositions with favourable thermodynamic properties (low 
activation energy, enthalpy change, and high Gibb’s Free energy change) for a co-pyrolysis 
process using Differential Scanning Calorimetry (DSC) technique. 
2) Use the biomass blends selected in objective 1 for large scale pyrolysis and determine the 
chemical composition of the bio-oil produced. 
3) Evaluate the co-pyrolysis process mass and energy balances using the RYield model in 













The term “Pyrolysis” refers to thermal degradation of biomass at a high temperature (usually 
above 350 oC) in the absence of oxygen. Biomass degradation occurs in four stages. The first step 
involves evaporation of moisture and light volatile materials. Following this,  degradation of 
proteins, carbohydrates, and lipids take place (Bordoloi et al., 2016). 
Although, bio-oil is the main product of pyrolysis, bio-char and non-condensable gases including 
CO, CO2, and CH4 are also produced during this process (Marcilla et al., 2013). The yields of the 
pyrolysis products vary with process conditions. There are two types of pyrolysis: fast pyrolysis 
(high heating rate and short residence time) and slow pyrolysis (low heating rate and long 
residence time). Fast pyrolysis is known to produce a higher yield of bio-oil than slow pyrolysis 
(Mohan et al., 2006). Co-pyrolysis, which refers to the pyrolysis of feedstock comprising two or 
more biomass types, has gained importance with time (Chen et al., 2017a).  
2.1 Pyrolysis of Pure Biomass  
Biomass degradation is affected by temperature as stated below (Mehrabadi et al., 2017).  
1) Stage 1: below 200 oC – Loss of water and volatiles from the biomass;   
2) Stage 2: 200 to 500 oC – Decomposition of major organic materials like proteins, 
carbohydrates, and lipids from biomass and, 
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3) Stage 3: Above 500 oC – Decomposition of residual carbonaceous material from the biomass 
leading to char formation.   
For a given heating rate and residence time, the thermal degradation profile of various biomass 
cellular components is temperature dependent (Mehrabadi et al., 2017). Thus, yield and chemical 
composition of the bio-oil vary with the heating rate and the final temperature which determine 
the reaction kinetics during pyrolysis. 
2.1.1 Biomass Degradation Kinetics 
Important thermodynamic parameters such as Activation Energy (Ea), Pre-exponential or 
Frequency Factor (A), Change in Enthalpy (ΔH) and Change in Gibb’s Free Energy (ΔG) can be 
determined by studying biomass pyrolysis kinetics. Estimation of pyrolysis kinetic parameters 
like Ea, A, ΔH, and ΔG helps us to understand the thermal characteristics of the biomass. It is 
known that pyrolysis is an important step in many other thermochemical conversion processes 
such as combustion and gasification. Hence, it is essential to understand the pyrolysis kinetics in 
order to evaluate the economic and technical feasibility, design, and scale up biomass conversion 
processes for applications such as producing gaseous and liquid fuels, and various chemical 
products at industrial scale. 
Knowledge of Ea for biomass pyrolysis helps in understanding the energy requirement for 
biomass decomposition during the process. Ea represents an energy barrier that needs to be 
overcome before pyrolysis reaction starts. A low value of Ea is indicative of faster reaction rate 
during pyrolysis as the energy required for breakage of the chemical bonds between the atoms  is 
low (Anca-Couce et al., 2014; Ounas et al., 2011; White et al., 2011; Xu & Chen, 2013; Zhou & 
Dunford, 2017).  
The pre-exponential factor (A) conveys information about the reaction mechanism during 
biomass pyrolysis. A low A value (<109 s-1) signifies pyrolysis reactions occurring at the biomass 
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surface. However, a higher value of A (> 109 s-1) suggests that a chemical complex is formed 
before the final products are generated (Ahmad et al., 2017b; Turmanova et al., 2008).  
The change in enthalpy (ΔH) for biomass pyrolysis represents the energy required for raising the 
temperature of the biomass from room temperature to the pyrolysis temperature and ultimately 
forming the activated complex from which the biomass pyrolysis products are generated. 
Thereby, enthalpy specifies the energy required for biomass degradation (Ahmad et al., 2017a; 
Daugaard & Brown, 2003).  
The change in Gibb’s Free Energy (ΔG) indicates the increase in total energy of the system 
(biomass), as it approaches to the temperature at which an activated complex is formed during 
pyrolysis. Thus, the energy that is available from the biomass upon pyrolysis can be determined. 
A high ΔG value indicates a spontaneous and efficient biomass pyrolysis (Ahmad et al., 2017b; 
Maia & de Morais, 2016; Xu & Chen, 2013).  
The optimal operating conditions for biomass pyrolysis and suitability of biomass as a potential 
bioenergy feedstock can be evaluated based on the thermal properties and reaction kinetic 
parameters (Fernandez et al., 2016). Two mathematical approaches exist for obtaining 
information on the kinetics of biomass pyrolysis, especially Ea and frequency or pre-exponential 
factor A; (a) Model fitting (model-based), and (b) Model free (Iso-conversion) methods.  
In the model-based method, a reaction order is assumed. Here, the reaction rate is directly related 
to the amount of unreacted substance raised to an exponent i.e. the reaction order:  
𝑑𝛼
𝑑𝑇
= 𝑘(𝑇) (1 −  𝛼)𝑛 = 𝐴 𝑒𝑥𝑝
−𝐸𝑎
𝑅𝑇  (1 −  𝛼)𝑛   (1) 
Where, α = mass fraction of the decomposed biomass,  
T = Temperature,  
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k(T) = Reaction rate constant at temperature T,  
1 – α = mass fraction of the residual biomass after decomposition,  
n = order of the reaction,  
A = frequency or pre-exponential factor  
Ea = Activation energy   
R = Universal gas constant  
The data obtained from pyrolysis experiment is fitted into this model assuming a value of n. A 
major drawback of using this model is inaccurate estimation of Ea and A, based on incorrect 
reaction order and thus, improper reaction model chosen. This problem of model-based method 
can be overcome using an iso-conversion model. In the latter case, no assumption for n is 
necessary in estimation of Ea and A. Instead, different heating rates at a specific temperature 
(specific for a certain fraction conversion of biomass) is used for estimation of Ea and A based on 










) −  ln
𝐴𝑅
𝐸𝑎 𝐺(𝛼)
     (2) 
Where, β = the heating rate,  
Ea = apparent activation energy, 
T = Peak temperature, 
A = Frequency or pre- exponential factor, 
α = fraction of biomass conversion = (Wo –Wt)/(Wo – W∞), 
Wo = Initial weight of the biomass before the pyrolysis,    
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Wt = Weight of the biomass at any instance of time ‘t’ during pyrolysis, 
W∞ = Final weight of the biomass after the pyrolysis is over, 





          (3)  
This technique for estimating Ea is referred to as KAS (Kissinger-Akahira-Sunose) which is a 
popular model free method used frequently. Here, from the slope of the plot of “ln (β/T2)” vs 
“1/T”, – Ea/R, is obtained, and then the activation energy, Ea, is calculated.   
Floor Wynn Ozawa (FWO) is another iso-conversion method (White et al., 2011) for estimation 
of Ea. Here, Ea is calculated from the slope of the plot of “log β” vs “1/T”.  
log 𝛽 =  log
𝐴 𝐸𝛼
𝑅 𝐺(𝛼)






)    (4) 
Other iso-conversion methods also exist for estimation of Ea besides KAS and FWO. For 











) −  ln
𝐴 𝑅
𝛽 𝐸𝑎
     (5)  
Ea calculation using the Distributed Activation Energy Model (DAEM) assumes that a large 
number of independent reactions each having their own Ea proceed during biomass degradation. It 
is further assumed that A is same for all the reactions. So, Ea is represented by a continuous 
distribution function f(Ea) (White et al., 2011). Using the equations (4) and (5) the following 
relationships can be written.  
𝛼(𝑇) =  ∫ {1 − exp [−
𝐴
𝛽






 𝑑𝑇]}  𝐹(𝐸𝑎) 𝑑𝐸𝑎
∞
0




















]  𝐹(𝐸𝑎) 𝑑𝐸𝑎
∞
0
    (7)  
A software like MATLAB can be used to solve equations (6) and (7) numerically (White et al., 
2011).  
The following relationship can be used for calculating pre-exponential factor A after calculating 
Ea  (Ahmad et al., 2017b):  





             (8) 
After calculating Ea and A, estimation of ΔG and ΔH is done using the following mathematical 
equation (Ahmad et al., 2017b):  
∆H =  Ea − RT                             (9) 
∆G =  Ea +  (𝑅𝑇 ln
𝐾𝐵 𝑇
ℎ𝐴
)    (10) 
A study on the pyrolysis kinetics and thermal characterization of Nannochloropsis oculata and 
Tetraselmis sp. (Ceylan & Kazan, 2015) used a Thermogravimetric Analysis (TGA) method 
involving three different heating rates of 5, 10, and 20 oC / min. The biomass conversion fractions 
were varied from 0.1 to 0.8 and the apparent Ea was calculated from the slope of the plot of “ln 
(a/T2)” vs “1/T” [“T” = Pyrolysis temperature and “a” = heating rate for pyrolysis] plot for each 
biomass conversion fraction, which was found to be different for Nannochloropsis oculata and 
Tetraselmis sp. Since, the thermal decomposition of biomass during pyrolysis is comprised of 
multiple steps, a single reaction mechanism for the overall process was not valid for either  strain 
(Ali et al., 2015; López-González et al., 2014). The average values of apparent Ea (KAS method) 
were calculated as 136.26 kJ/mol and 171.93 kJ/mol for Nannochloropsis oculata and 
Tetraselmis sp., respectively. 
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Besides TGA, Differential Scanning Calorimetry (DSC), another thermoanalytical technique, can 
also be utilized for estimation of Ea for endothermic processes like pyrolysis (Foltin et al., 2017). 
In this case, the change in heat flow per unit mass with time and temperature is measured with 
respect to an inert reference (usually empty crucible of the same material as that of the crucible 
with sample). Heat consumption of the sample during its thermal decomposition is monitored 
(Zhao et al., 2017b). 
Pyrolysis kinetics of shale oil (100 to 900 oC) at eight different heating rates (2, 5, 10, 15, 20, 25, 
40, and 50 oC/min) were evaluated using DSC, and Ea and A values, were estimated (Foltin et al., 
2017). For each heating rate, the endothermic peak temperatures were obtained from the DSC 
thermograms and utilized to estimate Ea (268.5 kJ/mol) and A (7.9 x1016 min-1) values according 
to the FWO model. In another study (Kok & Gundogar, 2013), pyrolysis kinetics for four 
different crude oil samples were evaluated from room temperature to 600 oC at the heating rates 
of 5, 10, and 15 oC/min using a DSC method. The Ea values calculated using the FWO model 
were found to be different for each sample: Crude oil-1 – 104 kJ/mol, Crude oil-2 – 149 kJ/mol, 
Crude oil-3 – 91 kJ/mol, and Crude oil-4 – 108 kJ/mol. Here, the Ea value was highest for Crude 
oil-4 as compared to the remaining three. A probable reason for this was due to the highest 
content (4.58 wt %) of asphaltene (complex ring structure comprising of C, H, N, O, and S) in 
Crude oil-4. It is known that asphaltene decomposes thermally at 520 oC, thereby leading to 
higher energy requirement (Ciajolo & Barbella, 1984). 
2.1.1.1 Algal Biomass Degradation Kinetics 
A stepwise pyrolysis experiment via TGA was performed on a mixed consortium (Coleastrum 
sp., Actinustrum sp., Diatom sp. and Mucidosphaerium pulchellum) of microalgae biomass 
(cultivated in an open raceway pond in wastewater) for understanding the mechanism of weight 
loss at different temperatures (Mehrabadi et al., 2017). The sample was heated from room 
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temperature to 200 oC at a rate of 20 oC/min while argon gas was flowing at 75 mL min-1, then, 
from 200 to 500 oC, at an interval of 100 oC, (with a holding time of 30 minutes at each step). It 
was found that weight loss (23 ± 2 % of the initial dry weight of the mixed algal consortium) was 
the highest between 200 and 300 oC. Beyond 300 oC, weight loss from the biomass declined. This 
happened because water from the biomass had evaporated below 200 oC. Furthermore, the mixed 
consortium algal biomass had a very high protein content (42 wt %). Therefore, at 300 oC, most 
of the proteins had decomposed, as the energy needed for its degradation was low. Consequently, 
the weight loss from the biomass was highest at 300 oC. Other organic materials like lipids and/or 
carbohydrates could have started to decompose above 300 oC till 500 oC, leading to complete 
biomass degradation (Agrawal & Chakraborty, 2013). Thus, bio-oil yield was highest at 400 – 
500 oC (4.7 wt % of the initial biomass) as compared to that from 300 – 400 oC or below 300 oC 
(< 1.5 wt % of the initial biomass). Therefore, major decomposition of cellular organic materials 
started at 200 oC and continued until 500 oC. Hence, with increasing temperature, the bio-oil yield 
has also increased.  
Qualitative GC-MS analysis of the liquid fraction showed that both the bio-oil and the aqueous 
phase of the liquid fraction contained nitrogenous and oxygenated compounds (Mehrabadi et al., 
2017). The nitrogenous compounds comprised of pyrroles, indoles, and amides. These were 
probably formed due to Maillard reaction taking place between the proteins and carbohydrates 
present in the biomass (carbonyl groups of sugar molecules reacting with amino groups of 
protein). The oxygenated compounds are comprised of acids and alcohols formed due to 
decomposition of carbohydrates and lipids. The compounds in both fractions were identified in 
three classes based on their chemical structures: aromatics, hydrocarbons, and acids. Among 
these, aromatics and hydrocarbons dominated the bio-oil phase of the liquid fraction. As the 
pyrolysis temperature increased, the aromatic concentration in the bio-oil increased. So, pyrolysis 
at higher temperature has an advantage of producing aromatics which are industrially important 
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chemicals. Nevertheless, the amount of the hydrocarbons in the bio-oil gradually declined with 
increasing temperature. Presence of greater quantity of aromatic compounds in bio-oil relative to 
other compounds leads to its higher energy content (Campanella et al., 2012; Harman-Ware et al., 
2013). For example, the energy content of an oil obtained from stepwise pyrolysis at 400-500 oC 
was 37 ± 0.8 kJ/g with an aromatic hydrocarbon content of 33.8 area %. This yield of aromatic 
hydrocarbon is relatively higher than the bio-oil obtained from pyrolysis at 300-400 oC (21 area 
%), which had a lower energy content of 35.3 ± 0.5 kJ/g (Mehrabadi et al., 2017). Additionally, 
higher content of carbon (73.9 ± 1.5 wt % of initial biomass) and hydrogen (9.5 ± 0.5 wt % of 
initial biomass), and lower content of oxygen (8.9 wt % of initial biomass) in the bio-oil obtained 
from the microalgal biomass could also have influenced the energy content (Miao et al., 2004). 
The energy content of the oil obtained from mixed culture microalgal biomass was relatively 
higher than the monoculture algae based bio-oil and comparable to that of fossil fuel (Babich et 
al., 2011; Du et al., 2011; Harman-Ware et al., 2013).  
2.1.1.2 Lignocellulosic Biomass Degradation Kinetics 
Ea, ΔH, and ΔG for pyrolysis of Urochloa mutica (para grass) were measured to assess its 
bioenergy potential (Ahmad et al., 2017a). TGA-DSC analyses were performed at three different 
heating rates (10, 30 and 50 oC. min-1) starting from room temperature up to 1000 oC. Ea was 
calculated for different biomass conversion fractions (α) using the KAS method and the average 
Ea for pyrolysis was found to be 178.72 kJ/mol. The Ea for the para grass was lower than those for 
cellulose (191 kJ/mol), rice husk (229.1 kJ/mol), and elephant grass (218.2 kJ/mol). This suggests 
that para grass can be blended with other biomass having higher Ea values for co-firing and 
potentially lowering the energy barrier of the mixed feedstock to be used for pyrolysis (Braga et 
al., 2014; Sánchez-Jiménez et al., 2013). The average ΔH for para grass was 173.66 kJ/mol. This 
value is relatively lower than that of the perennial grass Typha latifolia (179.42 kJ/mol) (Ahmad 
et al., 2017b). In the same study (Ahmad et al., 2017a), it was also established that for each para 
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grass conversion fraction, the difference between the Ea and ΔH values were relatively small (~ 5 
– 6 kJ/mol). This signifies that activated complex formation was favored at each stage of para 
grass pyrolysis. The average ΔG for para grass (170 kJ/mol) (Ahmad et al., 2017a), was higher 
than that of rice straw (164.59 kJ/mol), rice bran (167.17 kJ/mol), and red pepper waste (139.4 
kJ/mol) (Maia & de Morais, 2016; Xu & Chen, 2013). This suggests that para grass biomass can 
be a potential bioenergy source for biofuel production. 
The activation energy of eight different lignocellulosic biomass (corn stover, cotton stalk, wheat 
straw (obtained from a farm in Jiangxi province, China), palm oil husk, pine wood, red oak, 
sugarcane bagasse, and switchgrass obtained from a local farm in Amherst, Massachusetts, USA) 
were examined via TGA (biomass heated from room temperature to 800 oC in an inert 
atmosphere of helium at a flowrate of 100 mL min-1 and 5 oC min-1 heating rate) (Cai et al., 2013). 
The DAEM analysis was used to evaluate the TGA data. Ea for corn stover, cotton stalk, wheat 
straw, palm oil husk, pine wood, red oak, sugarcane bagasse, and switchgrass were established as 
179.60 – 239.34, 178.19 – 239.46, 175.51 – 240.61, 169.71 – 236.11, 186.70 – 271.76, 183.11 – 
242.15, 184.75 – 234.76, and 186.78 – 260.95 kJ/mol, respectively. The activation energy 
distribution was based on decomposition of three components: 1) hemicellulose, 2) cellulose, and 
3) lignin. In the DAEM technique used, it was assumed that there was no interaction between the 
three components, so degradation of the three components occurred in a parallel and independent 
manner. The difference in Ea calculated for each of the three components in the biomass was the 
highest for lignin, 26.5 – 41.8 kJ/mol. From this, it was inferred that the thermal decomposition of 
lignin component of the lignocellulosic biomass occurs over a wide range of temperature 
(approximately 200 to 1000 oC) (Cho et al., 2012). So, higher lignin content for a lignocellulosic 
biomass could lead to higher energy requirements for its thermal decomposition (Li et al., 2014; 
Yang et al., 2017).  
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Among the various lignocellulosic biomass used for pyrolysis, eastern red cedar wood is one 
having limited report in the literature. Maximum bio-oil yield of 35.9 wt % was obtained from 
slow pyrolysis (heating rate of 6 oC/min and holding time of 30 min) of sapwood (SW) (soft outer 
part of the cedar wood tree that lies between heartwood and bark) at 450 oC (Yang et al., 2016). 
However, the highest yield of 34.3 wt % was achieved at 500 oC from slow pyrolysis of 
heartwood (HW) (dense inner part of the cedar wood tree). Acetic acid (at 450 oC, 18.18 % of the 
total Py-GC/MS peak area in SW and 11.25 % in HW; at 500 oC, 18.1 % in SW and 9.75% in 
HW) and furfural (at 450 oC, 22.69% in SW and 26.20% in HW; at 500 oC, 20.10% in SW and 
21.80% in HW) were the major components in the bio-oil. The reason behind such high yield of 
acetic acid and furfural was due to thermal decomposition of hemicellulose components xylan, 
arabinan, galactan and mannan in both SW and HW. It is well established that hemicellulose has 
the least thermal stability as compared to cellulose and lignin (Mohan et al., 2006). Furfural and 
acetic acid are precursors for production of many chemical compounds (Isahak et al., 2012). 
Hence, pyrolysis oil from cedar wood can be used in the chemical industry. The bio-oil from fast 
pyrolysis (heating rate = 1000 oC/s and holding time = 20 s) of both HW and SW from cedar 
wood resulted in higher guaiacol content (at 450 oC, 38.06 % in SW and 34.73% in HW; at 500 
oC, 35.91% in SW and 44.36% in HW) than other chemical components in the bio-oil. 
Additionally, the phenol content of bio-oil (obtained from depolymerization of lignin) was 
relatively higher at 500 oC (8.56 % from HW and 4.95 % from SW) than that at 450oC (4.30 % 
from HW and 1.66 % from SW). Enhanced yield of guaiacols and phenol in bio-oil from fast 
pyrolysis (at 500 oC) of HW was due to the fact that lignin is thermally more stable than cellulose 
and hemicellulose, hence, higher energy is needed for the breakdown of lignin (Li et al., 2014; 
Mohan et al., 2006). Phenols are precursors for phenolic resins that are used in synthesis of wood 
adhesive, antiseptic, dyes, and pharmaceuticals. Bio-oil with a greater phenol content could be 
useful in wood industries where it could be an inexpensive feedstock (Effendi et al., 2008; Kim et 
al., 2010). This is because the common method of phenol production via partial oxidation of 
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benzene or cumene is expensive (Pilato, 2010). Also, bio-oil with higher concentration of 
guaiacol relative to other components can be a useful feedstock in pharmaceuticals owing to its 
antioxidant, anti – inflammatory and antibacterial activity (Scozzafava et al., 2015) and as a 
substrate for peroxidase assay in chemical industries (Mäkinen & Tenovuo, 1982). 
The energy requirement for cedar wood pyrolysis has not been reported, hence, a study on the 
pyrolysis kinetics of cedar wood would fill the current knowledge gap.  
Pyrolysis of Chlorella vulgaris, pine needle, peanut shell, and corncob (Yuan et al., 2015) was 
performed in a fixed bed reactor at temperatures from 300 to 900 oC at an interval of 100 oC. The 
highest bio-oil yields of 20.76, 17.75 and 32.69 wt % (% of initial biomass) from pine needle, 
peanut shell and Chlorella vulgaris, respectively, were obtained at 500 oC. The lowest bio-oil 
yield was from corncob (11.38 wt %) at 500 oC, which was similar to the yield at 400 oC (11.43 
wt %). Chlorella vulgaris produced the highest bio-oil yield, probably due to lack of lignin in it. 
(Li et al., 2014; Yang et al., 2007). Lignin is difficult to pyrolyze leading to lower yield of bio-oil 
from lignocellulosic biomass. Aromatic hydrocarbon content in bio-oil from lignocellulosic 
biomass was higher than that from Chlorella vulgaris. This was due to thermal decomposition of 
lignin during pyrolysis contributing to aromatic hydrocarbons like benzene and their derivatives. 
Benzene and phenols found in bio-oil obtained from Chlorella vulgaris was due to the 
degradation of oxygen containing compounds like acids, aldehydes, and ketones (Li et al., 2014). 
Ea of the latter four biomass was examined via a TGA method by heating the biomass from room 
temperature to 800 oC at the heating rates of 5, 10, and 20 oC/min. The average Ea for Chlorella 
vulgaris biomass (FWO method: 220.79 kJ/mol; KAS Method: 211.09 kJ/mol) was found to be 
lower than that for the lignocellulosic biomass (FWO method: pine needle – 291.49 kJ/mol, 
peanut shell – 253.9 kJ/mol and corncob – 258.98 kJ/mol; KAS Method: pine needle – 281.50 
kJ/mol, peanut shell – 244.29 kJ/mol and corncob – 249.25 kJ/mol). This can be due to the higher 
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volatile matter and less thermally resistant biomass components in Chlorella vulgaris as 
compared to those in lignocellulosic biomass (Li et al., 2014; Sanchez-Silva et al., 2012).  
2.1.1.3 Sewage Sludge Degradation Kinetics 
Pyrolysis kinetics of two types of sewage sludge-L (anaerobically digested) and F (treated with 
Ca(OH)2 and FeCl3) were examined using a TGA method by heating the sample from room 
temperature to 800 oC  at a 10 oC/min rate (Folgueras et al., 2013). The estimation of Ea was done 
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When L type sludge was heated from 180 to 390 oC and from 390 to 510 oC, Ea was found to be 
49.4 kJ/mol and 197.7 kJ/mol, respectively. When F type sludge was heated from 200 to 385 oC 
and from 385 to 510 oC, Ea was 50 kJ/mol and 169.6 kJ/mol, respectively. So, the average Ea for 
each sludge was calculated as 123.55 (Type L) and 109.8 kJ/mol (Type F).  
In another report (Gao et al., 2014) on the pyrolysis of dried sewage sludge (collected from a 
drying plant in Dalian, China) using a TGA method by heating the sample from 30 to 800 oC at 
10 oC/min, Ea determined using the Coat-Redfern model was 82.28 kJ/mol for the temperature 
range of 186 – 296 oC and 48.34 kJ/mol for 296 – 518 oC. So, the average Ea was 65.31 kJ/mol. 
The values reported in the latter two studies are relatively lower than those obtained with 
microalgal and lignocellulosic biomass. The reason for that is that the biomass components in 
dried sewage sludge are thermally less resistant to degradation as compared to microalgae and 
other lignocellulosic biomasses, owing to lower content of cellulose and lack of lignin (Li et al., 
2014; Sanchez-Silva et al., 2012). It is worth noting that digested sludge has high ash content 
with catalytic activity due to the presence of metals in the ash (Luo et al., 2004; Sharma et al., 
2015; Xie et al., 2014).   
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In summary, energy barrier for pyrolysis of microalgae and sewage sludge is low owing to lack of 
lignin (Sanchez-Silva et al., 2012). Furthermore, aromatic hydrocarbon yield in bio-oil can be 
enhanced by co-pyrolyzing algal biomass and sewage sludge with lignocellulosic biomass like 
cedar wood (Eom et al., 2012; Li et al., 2014; Sanchez-Silva et al., 2012; Zabeti et al., 2012). 
2.1.2 Catalytic Pyrolysis  
The effect of catalysts on pyrolysis of pure biomass has been evaluated (Anand et al., 2016). 
Among various catalysts available, zeolites have gained prominence due to their dual, acid-base 
characteristics which are helpful in selective enhancement of desirable chemical compounds in 
the bio-oil obtained from pyrolysis, their lower cost than other catalysts, lower environmental 
problems and reusability. Zeolite refers to a crystalline complex molecule comprising of different 
ratios of the oxides of aluminum and silicon. Structurally, it contains tetrahedral form of AlO45- 
and SiO44-, bonded together by oxygen atoms in a 3D structure. Their general formula is 
Mx/n[AlO2)x(SiO2)y].zH2O, where, M represents the extra cation (usually from a metal) which is 
involved in balancing the anion in the 3D frame. Zeolites have a highly porous structure with well 
– defined micron-sized pores (0.4 to 1 nm) which make them excellent catalysts for loading 
exchangeable cations to their 3D structure and facilitating ion exchange between feedstock and 
the catalyst (Ennaert et al., 2016; Shahinuzzaman et al., 2017).  
The effects of zeolite type, mass ratio of zeolite: algae, and temperature on catalytic fast pyrolysis 
of Arthrospira platensis were evaluated using the catalyst ZSM-5, Zeolite-β, and Zeolite-Y 
(Anand et al., 2016). It was found that the bio-oil composition, specifically the yield of aromatic 
hydrocarbons determined by Py-GC/MS was affected by the type of zeolite used. For example, at 
catalyst loading ratio of 10:1 (catalyst: biomass, wt/wt) and temperature of 600 oC, the yield of 
monoaromatics (29.56% of the Py-GC/MS peak area) was higher with ZSM-5 than that with 
Zeolite-β (24.66 %) and Zeolite-Y (21.47 %). Aromatic compounds are known to be useful 
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solvents for dissolution of grease or oil-based compounds. Additionally, they have potential 
applications in wood adhesives, bio-plastics, and fragrance production, and as octane enhancer 
(prevent pre-ignition knocking in engines) in transportation fuels (De Wild et al., 2009). Hence, 
ZSM-5 is a preferred catalyst for high aromatics production via pyrolysis (Anand et al., 2016; 
Rego & Roley, 1999).  
Fast microwave-assisted catalytic pyrolysis of sewage sludge (mix of primary and secondary 
sludge from Metropolitan Wastewater Treatment Plant, Saint Paul, Minnesota) was examined at 
different temperatures: 450, 500, 550 and 600 oC, with HZSM-5 as the catalyst (catalyst: biomass 
(wt/wt) = 2:1) (Xie et al., 2014). As the temperature increased, the bio-oil yield increased to the 
highest value of 20.9 wt % at 550 oC due to the devolatilization of organic material in the sludge. 
At high temperatures, more energy is available for the dissociation of strong organic bonds 
leading to devolatilization (Encinar et al., 2000). Aromatic hydrocarbon content in the bio-oil 
increased from about 2 to 32 wt % with increasing temperature from 450 to 550 oC. This was due 
to Diels-Alder reaction mechanism occurring during pyrolysis by either addition of 1,3 – 
butadiene to ethylene, followed by removal of hydrogen atoms leading to aromatization or 
trimerization of alkenes into rings (Cunliffe & Williams, 1998; Fonts et al., 2009; Park et al., 
2008; Richter & Howard, 2000).  
Therefore, combining biomass with zeolites can be helpful in enhancement of aromatic 
hydrocarbons in the bio–oil obtained.  
2.2 Co-pyrolysis   
Co-pyrolysis refers to the mixture of two or more different types of biomass being subjected to 
pyrolysis. Co-pyrolysis may improve the quality of the pyrolysis oil, enhance oil yield, and 
reduce water content of the oil (Abnisa & Daud, 2014).  
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Co-pyrolysis of bamboo waste and Nannochloropsis sp., was examined at 600 oC at a pure argon 
gas flow rate of 200 mL min-1 (Chen et al., 2017a). Hemicellulose, cellulose and lignin contents 
in the bamboo waste were 18.8, 46.5 and 25.7 wt %, respectively. The latter components could 
not be detected in biomass of Nannochloropsis sp. Lipid, protein, and carbohydrate contents in 
algal biomass were 30, 40.8 and 19.2 wt %, respectively. The latter compounds were not detected 
in the bamboo waste. So, for a 1:1 (w/w) blend of bamboo waste and algal biomass, 
hemicellulose, cellulose, and lignin contents are expected to be lower i.e. 9.4, 23.25, and 12.85 wt 
%, respectively. Lower lignin content in feedstock to be used for pyrolysis is desirable (Brebu & 
Vasile, 2010; Yang et al., 2017). Moreover, algal biomass and bamboo waste had moisture 
contents of 4.01 and 6.22 wt %, respectively. Hence, for a 1:1 (w/w) blend, the moisture content 
of the mixture is expected to be lower, 5.12 wt %. The bio-oil yield from the microalgae: bamboo 
blend (1:3) was relatively higher (66 wt % of initial biomass) than that from bamboo waste (61 wt 
% of initial biomass) and Nannochloropsis sp. (60 wt % of initial biomass) alone. As the algal 
biomass weight ratio in the blend increased (2:1, 3:1 wt/wt), the bio-oil yield decreased from 65% 
to 60 wt %. However, the latter values were still greater than that from individual pyrolysis of 
Nannochloropsis sp. and bamboo waste. A probable reason for the latter result could be that co-
pyrolysis inhibited secondary decomposition of the pyrolytic volatiles and thus, hampered 
generation of smaller molecular weight gas products. This helped in formation of larger 
molecules in char and bio-oil (Hua & Li, 2016). For the biomass mixtures, the long chain fatty 
acids (50 % in 1:1 microalgae-bamboo and 46 % in 3:1 microalgae-bamboo blend) and aliphatic 
contents (12% in 1:1 microalgae-bamboo and 13% in 3:1 microalgae-bamboo blend) were 
relatively higher than all the other compounds present in the bio-oil. Furthermore, the weight 
fraction of the long chain fatty acids was significantly greater in the bio-oil from the co-pyrolysis 
of the biomass blends having microalgae weight fraction up to 50 wt % than that obtained from 
pyrolysis of pure biomass of either Nannochloropsis sp or bamboo waste. This can be attributed 
20 
 
to the decomposition of lipids in the blend (Chen et al., 2017b). Bio-oil with a higher content of 
long-chain fatty acids can be used as a precursor for production of transportation fuels, as they 
can be transformed to hydrocarbons via a suitable catalyst (Zhang et al., 2016).  
The highest bio-oil yield (about 58%) was obtained by mixing peanut shells and cassava starch at 
a weight ratio of 1:3 (Messina et al., 2015). Pure peanut shell and pure cassava starch produced 
lower bio-oil yields (about 54 % from pure cassava starch and 32 % from pure peanut shell) as 
compared to that from the 1:3 wt/wt blend of peanut shell: cassava starch. As the content of the 
peanut shell increased in the biomass mixture, the bio-oil yield decreased, i.e. for blends of 
peanut shells-cassava starch, the bio-oil yield decreased from 58% (1:3 of peanut shells-cassava 
starch) to approximately 50% (1:1 of peanut shells-cassava starch) and 45% (3:1 of peanut shells-
cassava starch). These results can be explained with the higher lignin content in peanut shell 
which leads to lower bio-oil yield as it is thermally more resistant to decomposition as compared 
to starch. Additionally, increasing starch content in the feedstock could have reduced the thermal 
stability of cellulose during pyrolysis, as starch is thermally less stable than cellulose and lignin 
(Li et al., 2014; Wang et al., 2011). 
DTG curves obtained from the TGA study of the mixtures (1:1 wt/wt) of cellulose and cassava 
starch, and lignin and cassava starch, indicated that the peak temperature for thermal degradation 
of the starch-cellulose and starch-lignin mix was lower than 350 oC and approximately 300 oC, 
respectively. When compared with the DTG curves for the pyrolysis of pure cellulose and lignin, 
the peak temperature for maximum decomposition was found to be approximately 350 OC and 
370 oC, respectively. There was no peak at the pure cellulose degradation temperature in the DTG 
curve for the starch, hemicellulose, cellulose and lignin which can be explained by the reduced 
thermal stability of cellulose in the presence of starch. It is also possible that the thermal stability 
of lignin was decreased as well (Cornelissen et al., 2008; Lin et al., 2013; Wang et al., 2011). 
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Hence, chemical composition of the feedstock has a significant effect on its thermal degradation 
profile during pyrolysis. 
 Fast co-pyrolysis of a 50 wt % mixture of sewage sludge (anaerobically digested and thermally 
dried from an urban wastewater treatment plant in Barcelona, Spain) and pinewood sawdust was 
examined (Alvarez et al., 2015). The process was carried out in a conical spouted reactor at 500 
oC. The highest bio-oil yield from the blend was 55%. When the experimental value of bio-oil 
yield was compared with the theoretical value, the experimental value was found to be lower, 12 
wt %. This difference could be due to the ash content of the sewage sludge containing metal, 
which may have catalytic activity promoting secondary reactions like cracking and dehydration 
and thus, further degradation of the pyrolysis products, especially long chain cyclic and non-
cyclic hydrocarbons (Eom et al., 2012; Stefanidis et al., 2011; Zabeti et al., 2012), increasing the 
gas yield and reducing the bio-oil yield.  
Sawdust and sludge obtained from an urban wastewater treatment plant in Barcelona, Spain 
(anaerobically digested and thermally dried ) were co-pyrolyzed using a TGA method by heating 
the sample from 30 oC to 900 oC, at a heating rate of 15 oC/min in an inert environment of 
nitrogen flowing at the rate of 100 mL min-1 (Alvarez et al., 2015). The DTG curve obtained from 
the TGA runs indicated that sawdust had decomposed mainly between 200 and 575 oC. There was 
a shoulder in the DTG curve between 300 and 375 oC which corresponded to hemicellulose 
degradation. The highest peak was attained at approximately 375 oC at which weight loss for 
sawdust was the highest owing to cellulose decomposition. Finally, a long tail was observed in 
the high temperature region after 375 oC, which was attributed to lignin decomposition in the 
sawdust (Amutio et al., 2011; Yang et al., 2007). On the DTG curve obtained during sewage 
sludge pyrolysis, there was a shoulder between 100 and 200 oC, corresponding to the release of 
moisture and light molecular weight volatile compounds. There were also peaks at 255 and 300 
oC which corresponded to the degradation of lipid and carbohydrates, respectively. The shoulder 
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on the DTG curve between 360 and 525 oC corresponded to decomposition of proteins (Cao et al., 
2013; Francioso et al., 2010). Sludge contained small amount of wastewater constituents like 
plant fragments containing lignin which was confirmed via FT-IR analysis of the sludge 
(Parnaudeau & Dignac, 2007). Hence, lignin decomposition may have occurred between 360 and 
525oC. First peak on the DTG curve for the blend was between 75 and 150 oC which 
corresponded to the loss of moisture and light volatile matter. There was a shoulder between 200 
and 275 oC which was linked to degradation of lipids in the blend.  Another shoulder between 300 
and 370 oC corresponded to the degradation of hemicellulose and carbohydrates in the blend. The 
highest peak at 370 oC was due to the cellulose degradation in sawdust. The final shoulder in the 
temperature range of 375 and 450 oC corresponded to the combined degradation of proteins and 
lipids in the blend (Antal & Varhegyi, 1995; Branca et al., 2005; Yao et al., 2008). Thus, the 
weight loss pattern for the blend was different than that of the sludge and the sawdust alone. 
When experimental and theoretical DTG curves for the biomass blend were compared, a clear 
synergetic effect was found at low pyrolysis temperatures. The synergy was asserted by shifting 
of the shoulder related to lipid degradation in sewage sludge from 200 to 150 oC. The 
experimental and theoretical curves had similar decomposition patterns beyond 300 oC.  
Henceforth, no interaction between carbohydrates and protein constituents of the sludge and 
pinewood sawdust components were detected (Shuang-quan et al., 2009). Phenols (20.12 wt %) 
were the main class of organic compounds present in the oil obtained from the sawdust and 
sludge blend (Alvarez et al., 2015). Phenol content in the oil obtained from the blended biomass 
was between that of the bio-oil obtained from individual pyrolysis of sewage sludge (17.85 wt %) 
and sawdust (21.88 wt %). Phenols are produced during the depolymerization of lignin, formed 
along with alkyl phenols and benzenediols. The high ash content of the sludge had catalytic 
activity that favored the secondary dissociation of methoxyphenols yielding alkyl phenols and 
benzenediols (Alvarez et al., 2014; Demirbaş, 2000). Similar findings have been reported in other 
studies (Li et al., 2014) examining co-pyrolysis of rice straw and Shenfu bituminous coal. The 
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phenol content of the bio-oil from the blended biomass enhanced with increasing rice straw 
amount in the blend (Rice straw: Coal wt/wt ratio – 1:5-38.99 vol %, 2:5-43.45 vol % and 3:5-44 
vol %). The phenol content of the bio-oil obtained from pure rice straw and coal were 18.11% 
and 33.77 vol %, respectively. Synergistic interaction between the biomass and coal components 
in the blend lower the vapor residence time (about 30 to 40 s) in the reactor reducing the time for 
secondary reactions and leading to increased gas production and enhanced decomposition of 
oxygen containing compounds in the bio-oil (Bridgwater et al., 1999). 
Co-pyrolysis of Isochrisis sp. and sewage sludge (obtained from a wastewater treatment plant in 
Beijing, China, where it was treated by a traditional aeration process) (Wang et al., 2016) showed 
that as the weight fraction of the sewage sludge increased in the blend, aromatic hydrocarbon 
content in the bio-oil increased. The contents of aromatic hydrocarbon in the oil obtained from 
the blend weight ratios of 1:2, 1:1 and 2:1 were found to be 9.3, 9.5, and 12.9 wt %, respectively. 
The latter values were lower than the aromatic hydrocarbon yield from sewage sludge (28.1 wt 
%), but higher (only for the blend of 2:1 wt/wt) than the microalgae alone (10.9 wt %).   
Co-pyrolysis of Chlorella vulgaris and coal (semi-anthracite provided by Huangpu power plant in 
Guangzhou, China) was studied by using a TGA method, where the sample was heated from 
room temperature to 900 oC at rates of 5, 10, 15, 20, and 25 oC/min in a nitrogen environment, at 
a flowrate of 400 mL min-1 (Chen et al., 2012). The average Ea (as per KAS method) for the 
microalgae and coal (MCR) blends of 3:7, 5:5, and 7:3 were found to be 416.01, 320.77, and 
407.57 kJ/mol, respectively. Ea was the lowest (320.77 kJ/mol) for the 5:5 (wt/wt) microalgae-
coal mixture as compared to that from Chlorella vulgaris alone (335.69 kJ/mol). This could be 
due to the synergistic effect of volatiles released from the microalgae reacting with the solid 
phase during thermal decomposition, thereby reducing the energy barrier for pyrolysis (Haykiri-
Acma & Yaman, 2010; Lee et al., 2010). Average Ea increased as the microalgae ratio in the 
blend increased. This could be due to an inhibitive effect which can be explained via the 
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following mechanism: initially, algal biomass decomposition was faster than that of coal. The 
algal decomposition products deposited on the coal surface at a time when the coal molecules 
were about to undergo various polymerization and condensation reactions, blocking the pores on 
the coal surface which were involved in the removal of the volatile matters generated during 
pyrolysis. Thus, further thermal degradation of coal was hampered by the blocked pores 
increasing the energy barrier for pyrolysis (Effendi et al., 2008). 
Co-pyrolysis of four lignocellulosic agricultural waste [Cotton Stalk (CS), Hazelnut Shell (HS), 
Sunflower Residue (SFR) and Euphorbia rigida (ER)] with two different plastic waste (Polyvinyl 
Chloride-PVC and Polyethylene Terephthalate-PET) was performed using  a 1:1 (wt/wt) blend 
(Çepelioğullar & Pütün, 2013). The kinetic study for the co-pyrolysis was carried out using a 
TGA method which involved heating the samples from room temperature to 800 oC at a heating 
rate of 10 oC/min and a nitrogen flow rate of 100 mL min-1. The weight loss occurred at a slow 
rate from room temperature to 120 oC. This was due to the loss of moisture from the biomass-
PVC blend. Around 200 to 250 oC, the cellulose component of the biomass started degrading and 
there was simultaneous degradation of PVC polymeric structure in the mixture. Beyond this, 
significant peaks were obtained depending on the biomass used in the blend, i.e. for CS, at 284.1 
oC, for HS at 283 oC, for SFR at 274.4 oC, and for ER at 274.3 oC. Following the latter peaks, 
there was a tailing region till about 400 oC on the weight loss curve. This was possibly due to 
lignin degradation in the blend as lignin has a broad degradation temperature range (200 to 800 
oC) (Liu et al., 2008). Additionally, there was another peak in the temperature range of 400 to 450 
oC, which could be due to the secondary degradation of the products released during the prior 
breakdown of lignin (Branca et al., 2005; Ma et al., 2002; Yao et al., 2008). For the biomass-PET 
blend, a similar trend was observed, except that cellulose degradation in the blend started between 
200 and 350 oC. The highest peak corresponding to the maximum weight loss depended on the 
blend used as follows; for CS-PET at 427.4 oC, for HS-PET at 427.3 oC, for SFR-PET at 425.2 
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oC, and for ER-PET at 420.4 oC.  The shift in decomposition temperature pattern happened due to 
the higher energy required for thermal degradation of the aromatic ring structure of the PET in the 
blend (Holland & Hay, 2002; Ma et al., 2002). This was confirmed by calculating the activation 
energy for co-pyrolysis of the biomass-PET blend. The range of activation energy varied 
depending on the blend used, CS-PET = 68.59 to 171.48 kJ/mol, HS-PET = 73.94 to 139.04 
kJ/mol, SFR-PET = 66.63 to 261.32 kJ/mol, and ER-PET = 63.36 to 316.34 kJ/mol. The 
activation energy for biomass-PVC blend was lower than those for biomass-PET blends, CS-PVC 
= 51.08-190.13 kJ/mol, HS-PVC = 45.06- 135.99 kJ/mol, SFR-PVC = 45.88- 197.72 kJ/mol, and 
ER-PVC = 42.1- 228.6 kJ/mol. Ea for the plastic waste (for PVC, 108.12 to 246.78 kJ/mol; for 
PET, 172.6 – 347.4 kJ/mol) were higher than that of the lignocellulosic biomass (CS, 38.9 to 
79.48 kJ/mol; HS, 38.53 to 82.45 kJ/mol; SFR, 30.64 to 74.2 kJ/mol and ER, 36.13 to 88.87 
kJ/mol). The structural difference between biomass and complex polymeric structure of the 
plastics (especially aromatic backbone of PET) lead to variations in pyrolysis reactivity at various 
temperatures (Holland & Hay, 2002). During PVC pyrolysis, the HCl in the PVC structure is 
volatilized in the temperature range of 285 to 520 oC. Beyond 340 oC, the PVC waste undergoes 
further decomposition to form low chain linear or cyclic hydrocarbons (C1 to C7 compounds) 
(Ma et al., 2002). In the case of PET waste, owing to the aromatic ring structure, the thermal 
degradation starts at a higher temperature (above 360 oC). Degradation of PET waste comprises 
of two processes: intramolecular rearrangement between the dimers (terephthalic acid and 
ethylene glycol) of PET and β – C – H hydrogen transfer from the terephtahlic acid unit of one 
dimer to the ethylene glycol of the other dimer. PET loses more of its aliphatic components than 
aromatic components during the thermal degradation (Girija et al., 2005; Holland & Hay, 2002). 
It is worth noting that for a given biomass-plastic blend, the activation energy was relatively 
higher for ER-plastic blend as compared to other biomass (CS, HS, ER and SFR) in the blend. 
This could possibly be due to the higher lignin content in ER (37.92 wt % dry basis) as compared 
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to other biomass (CS: 22.16 wt % dry basis, HS: 23.46 wt % dry basis and SFR: 20.94 wt % dry 
basis), thereby leading to a greater energy barrier for thermal degradation.  
2.3 Co-Pyrolysis vs Pure Biomass Pyrolysis  
The main advantage of co-pyrolysis is that it allows the formulation of a desirable feedstock 
chemical composition, i.e. moisture, hemicellulose, cellulose and lignin contents (Abnisa & 
Daud, 2014).  Co-pyrolysis may lead to synergistic interactions among biomass components, 
resulting in higher bio-oil yield and desirable chemical composition (Chen et al., 2017a; Li et al., 
2014; Messina et al., 2015).  The activation energy of a feedstock to be used for pyrolysis can be 
adjusted using biomass blends as desired (Chen et al., 2012).     
However, if the biomass blend is not formulated correctly, blending could have inhibitive effects 
leading to reduction in the bio-oil yield and undesirable chemical composition (Wang et al., 
2016), and higher activation energy as compared to that from its pure biomass components 
(Çepelioğullar & Pütün, 2013; Chen et al., 2012). Hence, it is imperative that various biomass 
blends are carefully evaluated to optimize a pyrolysis process that will produce final products 
with high yield and desirable quality. 
2.4 Response Surface Methodology (RSM) 
Response Surface Methodology (RSM) refers to an assemblage of statistical and mathematical 
techniques for development and optimization of products and processes (Danmaliki et al., 2017). 
It is very useful when the output of a production process is affected by multiple factors. 
Additionally, RSM helps in understanding the factors that are significant in the process. The 
purpose of using the RSM technique is reduction in the number of experimental runs while 
maximizing the output from the generated data (Bezerra et al., 2008). 
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In a report (Sarkar & Chowdhury, 2016), RSM has been used for optimization of paper waste 
(PW) and mustard press cake (MPC) co-pyrolysis in a semi-batch reactor. The process duration 
was 1 h, and the PW to MPC weight ratio varied from 2.33:1 to 9:1 and the temperature range 
from 400 to 900 oC were examined. Based on the results obtained from 17 experiments selected 
using the Design Expert software (Statistical Software), two process parameters, weight ratio and 
temperature, were optimized via RSM. The following quadratic response surface model was 
attained for the maximum yield of bio-oil:  
𝐵𝑖𝑜 − 𝑜𝑖𝑙 𝑌𝑖𝑒𝑙𝑑 (𝑤𝑡 %)
= 1.57 ∗ 𝐴2 − 10.21 𝐵2 + 0.65 ∗ 𝐴 − 3.03 ∗ 𝐵 − 0.97 ∗ 𝐴 ∗ 𝐵 + 44.33 
Where; A = weight ratio of PW-MPC and B = Pyrolysis temperature (K). The R2 for this model 
was 0.8233. To ensure the fitness of the model, ANOVA (Analysis of Variance) was performed 
on the model and the following terms were found to be significant at p = 0.05 level; linear term 
for B (– 3.03 * B) and Quadratic term for B (– 10.21 * B2). Therefore, from the ANOVA analysis 
of the model, it can be inferred that temperature has a significant effect on the bio-oil yield. From 
this model, maximum bio-oil yield of 46.95 wt % was attained at 874.75 K (601.75 oC) and PW: 
MPC weight ratio of 9:1. Individual pyrolysis of PW and MPC resulted in the highest bio-oil 
yield of 48 wt % at 600 oC for PW and 46 wt % at 700 oC for MPC. 
2.5 ASPEN PLUS simulation 
Validation of the experimental pyrolysis data is of utmost importance due to the complex nature 
of the feedstock chemical and physical properties and the reactions taking place during the 
process. Simulation of the pyrolysis process is necessary for the process design and scale-up 
(Zhai et al., 2016). ASPEN PLUS software is commonly used for process modelling and 
simulation. The unit operations within the process are represented by operation blocks in the 
software. For instance, the RYIELD block is best suited for modelling the pyrolysis reactor and 
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the SEP block is well known to model separation of the gas released into condensable bio-oil and 
non-condensable gases (Ward et al., 2014). To run the ASPEN simulation the following input 
data are needed; chemical composition of the biomass described by the proximate, ultimate and 
sulfur analyses, feed flow rate, temperature, and pressure of the operation.  
ASPEN PLUS has been used for modelling pyrolysis of rice straw at different temperature (350 
to 600 oC) and validation of the quantitative yield of various products (bio-oil, bio-char and 
gases) (Xianjun et al., 2015). In the simulation, because of its complex physical and chemical 
structure rice straw was defined as a nonconventional feed, rather than a conventional type which 
refers to a pure compound. So, MIXCINC was used as the stream structure in the simulation for 
specifying the nonconventional feed as no particle size distribution data was available. The 
pyrolysis process was expressed so that the biomass passes through a SEP block where biomass is 
fractionated in to its components: cellulose, hemicellulose, lignin, extractables and ash. Then, 
these components pass through the RYIELD block for the reactor where pyrolysis takes place 
yielding final products. The enthalpy and density of these components were calculated using the 
HCOALGEN enthalpy and DCOALIGT density models embedded in the software, respectively. 
In order to have the enthalpy modelled via HCOALGEN, proximate, ultimate and sulphur 
analysis of biomass are required (Darmawan et al., 2017). The program utilizes a number of 
different correlations for enthalpy estimation. For instance, the Boie, Kirov, and heat of 
combustion based correlations are used to estimate the heat of combustion, heat capacity and heat 
of formation, respectively, based on the input biomass elemental composition (Hoffmann et al., 
2013). Ultimate and sulphur analyses of the biomass are required for density estimation via 
DCOALIGT (Asif et al., 2015). The following process conditions were used in the rice straw 
simulation: Environment temperature = 20 oC, reactor operating pressure = 0.1 MPa, reactor 
temperature = 350 to 600 oC and biomass flow rate = 1000 kg/h. The thermodynamic method 
used in the simulation was RKS-BM (Withag et al., 2012) and the following assumptions were 
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made: uniform temperature distribution for particles, no effect of biomass particle size, chemical 
equilibrium for reaction inside the pyrolysis reactor, same pressure throughout the reactor and ash 
component of biomass is inert throughout the process. The enthalpy and density of rice straw 
biomass was found to be -1.51 x 109 kcal/hr and 1546.098 kg/m3 respectively. The simulation 
demonstrated that increasing temperature resulted in a gradual decrease in the yield of bio-char 
and bio-oil while the yield of non-condensable gases increased. The latter findings were in 
agreement with the experimental results.  
Co-pyrolysis of coal (Yilan Subbituminous) and corncob in a fluidized bed reactor at 600 oC was 
examined (Atsonios et al., 2017). Through the ASPEN PLUS simulation, co-pyrolysis process 
mass and energy analyses were performed and the effect of different coal blending ratios (wt % of 
coal in the blend = 0, 20, 40, 60, 80 and 100) on the process performance was evaluated. 
RYIELD model was used for the reactor analysis. The product yields used in this simulation 
study were based on experimental data obtained with coal-corncob co-pyrolysis from another 
study (Wang et al., 2014b). The results indicated that the weight fraction of coal in the blend had 
a beneficial effect by producing bio-oil with high hydrocarbon content. For example, when the 
coal weight ratio in the blend was 20 wt %, the yield of hydrocarbons was the highest (17.9 wt 
%). Increasing coal fraction in the blend resulted in a reduction of hydrocarbon content in the bio-
oil. This was because of the higher coal amount in the mixture reducing the volatile content in the 
blend. Hence, formation of organic compounds like hydrocarbons and alcohols was not favored. 
From this simulation, it was clear that blending had a beneficial effect on the pyrolysis products 
and there is an optimum blend composition that favors hydrocarbon production.   
Hence, ASPEN PLUS simulation for co-pyrolysis of microalgae, cedar wood and digested sludge 






MATERIALS AND METHODS 
3.1 MATERIALS 
3.1.1 BIOMASS 
3.1.1.1 Microalgae: A mixed consortium of the following 15 strains of microalgae purchased 
from the Culture Collection of Algae at University of Texas (UTEX), Austin, are used in this 
work:  
 Navicula sp. SP 11,  
 Tetraselmis striata SP 22,  
 Aphanothece sp. SP 25,  
 Geitlerinema amphibium SP 27,  
 Geitlerinema carotinosum SP 28,  
 Komvophoron sp. SP 33,  
 Phormidium keutzingianum SP 38,  
 Pseudanabena sp. SP 46,  
 Pseudanabena sp. SP 47,  
 Pseudanabena sp. SP 48,  
 Dunaliella sp. SP19,  
 Dunaliella sp. SP 20, 
31 
 
 Aphanocapsa sp. SP 23,  
 Tychonema bornetii SP 50 and  
 Picochlorum oklahomensis.  
The strains were maintained in regular medium and cultivated in animal wastewater (autoclaved 
prior to inoculation). They were grown in 2 L (working volume = 1.4 L), 5 L (working volume = 
3.5 L), and 10 L (working volume = 7 L) glass bioreactors inside a wooden chamber of 
dimensions: 9 m x 9 m x 18 m. There were 12 white fluorescent bulbs (Osram Sylvania Inc., 
Wilmington, MA; 60 W; 800 lumens; Color Rendering Index ≥ 80; Color temperature = 2427 oC) 
which were attached to the ceiling of the growth chamber as light source. The average light 
intensity of these bulbs were calculated to be 96 µmol m-2 s-1 at four different locations on the 
bioreactor surface with the help of a quantum meter (model QMSW–SS, Apogee Instruments, 
Inc., Logan, Utah). The gas provided for growth was air supplemented with 2 % (v/v) CO2 
(Industry Grade, Stillwater Steel Supply, Stillwater, Oklahoma, USA) and bubbled through each 
reactor at the flow rate of 20 mL min-1 maintained with the help of flowmeters (Cole – Parmer, 
Vernon Hills, Illinois, USA). The cultures were inoculated at the inoculation rate of 7 % v/v. 
After the culture in each reactor reached stationary phase, the microalgal biomass was harvested 
by centrifugation, dried, pulverized using a mortar and pestle, and then ground using a coffee 
grinder (Mr. Coffee W183ME, Boca Raton, Florida, USA) before use. 
3.1.1.2 Cedar wood: The sample was a mixture of the heartwood and sapwood parts of eastern 
red cedar trees harvested in Oklahoma. The cedar wood samples were ground using a Perten 
grinder (Model No: 3600, Huddinge, Sweden), followed by hammer mill (Fitz Mill DAS06, 




3.1.1.3 Digested Sludge: The sample was collected from Stillwater, OK, wastewater treatment 
plant, dried, and pulverized using a mortar and pestle. Finally, it was further ground using a 
coffee grinder (Mr. Coffee W183ME, Boca Raton, Florida, USA) before use. 
3.1.2 Catalyst: Zeolite ZSM–5 (Si/Al = 38) was purchased from ACS Material (Pasadena, 
California, USA). 
3.2 METHODS 
3.2.1 Elemental Analyses of Biomass 
3.2.1.1 Proximate Analysis 
The ash (A), moisture (M) and volatile matter (VM) contents (wt %) of the biomass samples were 
analyzed according to the AOAC 1995 (Intl, 1995), ASTM E-871 (E871-72, 1998) and ASTM E-
872 (E872-82, 2013) methods, respectively. The fixed carbon content (FC) of the biomass was 
determined based on the weight difference (Speight et al., 2015) as:  
𝐹𝐶 (𝑤𝑡 %) = 100 − (𝐴 + 𝑀 + 𝑉𝑀)    (12) 
All the tests were performed in duplicates. 
3.2.1.2 Ultimate Analyses 
The elemental composition (C, H, N, S, and O) of the three biomasses were analyzed using an 
elemental analyzer (model 2400 Series 2, PerkinElmer, Inc.) at the department of Biological and 
Agricultural Engineering, Kansas State University. Here, the tests were performed in duplicates 
(Zhou & Dunford, 2017). In summary, about 3 mg of each biomass was finely ground and then 
pressed into a pellet in a tin capsule. Then, the biomass pellets were treated in the combustion 
chamber where the temperature was set at 975 oC. Gases generated during combustion were 
separated in a quartz column containing copper wires and detected with the help of a 
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thermoconductometer detector. The helium, oxygen and nitrogen gas pressures were set at 20, 18 
and 60 psi, respectively. 
3.2.1.3 Sulphur Analysis 
The sulphate content of biomass was determined using a Spectro Arcos ICP – OES (Inductively 
Coupled Plasma – Optic Emission Spectroscopy) analyzer (Miller et al., 2013). In summary, 
about 100 mg of dry sample was placed in an extraction vessel and 25 mL of 2 % acetic acid was 
added.  Then, the vessel was placed in a reciprocating mechanical shaker for about 30 minutes. 
Finally, the extract was filtered and the filtrate was analyzed using the ICP – OES. All tests were 
performed in duplicates. The pyritic and organic sulphur contents (wt %) were calculated on the 
assumption that the remaining forms of sulphur in the biomass, (Total sulphur from elemental 
analyses – Sulphate), comprised of pyritic and organic sulphur based on the ash content (wt %) as 
follows: 
𝑃𝑦𝑟𝑖𝑡𝑖𝑐 𝑆𝑢𝑙𝑝ℎ𝑢𝑟 =  𝐴𝑠ℎ 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 ∗ 𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑠𝑢𝑙𝑝ℎ𝑢𝑟     (13) 
𝑂𝑟𝑔𝑎𝑛𝑖𝑐 𝑆𝑢𝑙𝑝ℎ𝑢𝑟 = (100 − 𝐴𝑠ℎ 𝐶𝑜𝑛𝑡𝑒𝑛𝑡) ∗ 𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑠𝑢𝑙𝑝ℎ𝑢𝑟   (14) 
3.2.2 Lipid Content Analysis 
3.2.2.1 Lignocellulosic Biomass 
Lipid content in cedar wood was determined using a Soxtec apparatus (Foss, ST 243, Hilleroed, 
Denmark). In summary, about 1 g of sample was dried in an oven (Barnstead International, F6020 
C, Dubuque, Iowa, USA) at 110 oC for 1 hour. Then, it was placed in a thimble, where it was 
mixed with at least two scoops of celite powder. Pre-weighed aluminum cups containing 40 ml of 
hexane were used for extracting lipids from biomass. The samples were treated with hexane for 
20 minutes, followed by rinsing for 40 minutes and hexane stream containing extracted lipids was 
collected. The residual sample in the thimble was subjected to a second set of extraction in order 
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to extract remaining lipids. The difference in original weight of the aluminum cup after lipid 
extraction and solvent removal denoted the lipid content of the biomass sample. All the tests were 
performed in duplicates. 
3.2.2.2 Algae and Sludge Biomass 
Lipid content of dry algal and sludge biomass were determined as follows (Lee et al., 1998): 
(i) About 200 mg of dry biomass was suspended in 25 mL of phosphate buffer (pH = 7.4) 
and transferred into a bead beater (Model HBB908, Hamilton Beach, Richmond, VA) 
that was filled about halfway covering the rotor blade with 1mm beads.  
(ii) The biomass suspended in phosphate buffer was treated in the bead beater for 1 min. 
(iii) The slurry obtained from step (ii) was transferred into a separatory funnel and about 30 
mL of 2:1 (v/v) chloroform-methanol mixture was added. Then, the mixture was allowed 
to rest for 30 minutes after shaking the funnel vigorously.  
(iv) The bottom layer containing the organic phase was collected in a beaker. 
(v) Step (iii) was repeated again using 30 mL of 2:1 (v/v) chloroform-methanol mixture. A 
third extraction was carried out using 20 mL of solvent. Each time, the bottom layer was 
collected in the same beaker used in step (iv). 
(vi) The organic phase was vacuum filtered through a Whatman filter paper (Filter No 4, GE 
Healthcare, Pittsburgh, PA) using a ceramic funnel to remove remaining biomass. Then, 
the filter paper was washed with chloroform in the funnel to remove the residual extract 
on the filter. 
(vii) The filtered organic phase was transferred into a separatory funnel, where it washed with 
20 mL of a 5 % (w/v) NaCl solution. 
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(viii) The washed organic phase was collected in a pre-weighed beaker and placed in a 
RapidVap (LABCONCO Corporation, Kansas City, KS) to evaporate the solvent under 
vacuum at 40 oC for 5 hours until a constant weight was reached. The lipid content was 
determined by weight difference; weight of the beaker with dry extract – weight of the 
empty beaker.  
All tests were performed in duplicates. 
3.2.3 Particle size analysis 
The analysis of the cedar wood biomass particle size was carried out according to the AACC 66 -
20 method (AACCI, 1999). In summary, about 50 g of biomass sample was subjected to shaking 
in a ro-tap sieve shaker (W.S. Tyler, RX – 29, Mentor, OH) for 5 minutes. The shaker was 
equipped with the following sieves having sieve numbers of 20, 45, 60, 100, 140, 200 and Pan 
which collected particles in the size range of 850 and higher, 355 to 850, 250 to 355, 150 to 250, 
106 to 150, 75 to 106, and below 75 µm, respectively. These sieves were pre – weighed before 
the run. After the completion of the run, each sieves were weighed and the weight difference 
before and after sieving denoted the weight fraction of the particles in each size range. This 
procedure was performed in duplicate. 
3.2.4 Differential Scanning Calorimetry (DSC) Analysis 
A DSC 823e from Mettler Toledo (Columbus, OH, USA) was used for the analysis. Initially, the 
instrument was calibrated using indium and zinc within their module specifications (Indium: 
onset temperature – 156.6 ± 0.3 oC; heat flow – 28.45 ± 0.6 J/g; Zinc: onset temperature – 419.6 ± 
0.7 oC; heat flow – 107.5 ± 3.2 J/g). Once successfully calibrated, 7 mg of biomass sample was 
placed in an aluminium crucible (100 µl) with a lid. The sample was heated from 25 to 500 oC, at 
three different heating rates (10, 15 and 20 oC/min) to estimate the thermodynamic parameters (Ea 
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– Activation energy; A – Pre-exponential factor; ΔH – Change in enthalpy, and ΔG – Change in 
Gibb’s Free Energy). There were 18 different biomass combinations (Table 1).   
This experimental design is a mixture experiment with a process variable (Pradhan et al., 2017). 
The effect of proportion of each biomass component in the blend of three biomasses (AB, CW 
and DS; each at four levels – 0, 33.33, 66.67 and 100 wt %) and the catalyst effect (catalyst to 
biomass ratio; tested at two levels: 0 (off) and 2 (on)) is checked on the estimated parameters (Ea, 
A, ΔH, and ΔG). Based on the constraint that the weight fractions of AB, CW and DS sum to 100 
and two levels of catalyst effect, there are twenty total combinations possible (Goos et al., 2020). 
This would lead to 60 number of experimental runs. Here, the constraint for experimental runs 
was the control of three pure biomasses at the two catalyst levels. Additionally, for error 
estimation in ANOVA test for the RSM model obtained, the central point (Combination 13 and 
14) was replicated twice. So, to get a second degree RSM model (Equation 15) for the parameters 
from the design (Pradhan et al., 2017) with minimal experimental runs (60), two combinations for 
the biomass mixtures had to be removed.  
𝑌𝑖 =  𝛽0 + ∑ 𝛽𝑖
3
𝑖=1 𝑥𝑖 +  ∑ 𝛽𝑖𝑖
3
𝑖=1 𝑥𝑖
2 + ∑ ∑ 𝛽𝑖𝑗𝑥𝑖𝑥𝑗 + 𝛿0𝑧
2
𝑖<𝑗 +  ∑ 𝛿𝑖  𝑥𝑖𝑧 
3
𝑖=1 +  
3
𝑖=1   (15) 
Here, i = 1, 2 and 3; Y1 = Ea, Y2 = ΔH and Y3 = ΔG; β0 = constant; δ0 = coefficient of effect due 
to catalyst; βi = regression coefficients; δi = interaction between catalyst and biomass component 
i; and xi is the ith biomass component. 
With the aim of selecting one or more combinations with desirable thermodynamic properties 
among the three biomasses (as seen in literature survey), DS is known to have low energy barrier 
owing to its high ash content and CW being a lignocellulosic biomass, can be expected to have 
relatively higher value for the same (Li et al., 2014). Based on this, it was decided to keep all the 
biomass combinations of DS and to exclude two combinations containing CW at a higher weight 
fraction. Hence, combination of 33.33 wt % AB and 66.67 wt % CW (with and without ZSM–5) 
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were excluded as, the energy barrier for pyrolysis can be expected to be relatively higher as 
compared to other biomass mixtures (with and without catalyst), owing to greater lignin content 
in the blend. Thus, there were 18 combinations that were studied for the three biomasses 
involving catalyst use.  
STAR e software (Mettler Toledo, Version 9.01) was used to identify the endothermic peak 
temperatures at each heating rate. A plot of “log of heating rate” vs “reciprocal of temperature” 
was generated according to the FWO model (Foltin et al., 2017). Ea was determined from the 
slope of the plot. The remaining parameters i.e. A, ΔH, and ΔG were determined as per equations 
(8) through (10) shown earlier in the literature survey section. The temperature, T, used in the 
calculations corresponds to the peak temperature closest to the average of the peak temperatures 
obtained from each of the three heating rates used for calculation of Ea (Foltin et al., 2017). This 
value of T was also used in calculation of the remaining three thermodynamic parameters. For 
any combination, the final values of Ea, A, ΔG, and ΔH were determined as summation of the 
values for all the peaks that appeared in the thermograms. The bio-char yield (wt %) was also 
recorded after each DSC run as the weight difference of the empty crucible and weight of the 
crucible with residual solid. 
For pure biomass or biomass mixture (‘X’ mg) used in the DSC runs, the bio-char yield was 
calculated as: 
𝐵𝑖𝑜 − 𝑐ℎ𝑎𝑟 𝑦𝑖𝑒𝑙𝑑, 𝐶 (𝑤𝑡 %) =  (
𝑆
𝑋
) ∗ 100   (16) 
Where, S = Mass of residual solid left in the crucible (mg), 
In case of catalytic blends (2:1 wt/wt ZSM–5: Biomass blend) of pure biomass or biomass 
mixture (‘D’ mg of combined blend), it was assumed that the bio-char came only from biomass or 
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biomass mixture and two-third of the blend comprised of catalyst only. Based on this, the bio-
char yield (Ccb) was calculated as: 
𝐵𝑖𝑜 − 𝑐ℎ𝑎𝑟 𝑦𝑖𝑒𝑙𝑑, 𝐶𝑐𝑏 (𝑤𝑡 %) =  (
3𝑆−2𝐷
𝐷
) ∗ 100  (17) 
3.2.5 Pyrolysis Tests 
A muffle furnace (Barnstead International, F6020 C, Dubuque, Iowa, USA) was used to pyrolyze 
20 g of pure biomass or biomass blend with or without catalyst. The biomass was weighed and 
placed in a quartz crucible inside a closed quartz reactor. The reactor was connected to a 
condenser system (Figure 1) through quartz and steel tubing which was heated (Temperature set 
= 125 oC) with a heating tape (Omega Engineering Inc., Stamford, Connecticut, USA) and 
insulated by wrapping the tubing with insulation material, to minimize heat loss and condensation 
before the gas phase reached to the condenser unit. Industrial grade nitrogen (Airgas, Stillwater, 
Oklahoma, USA) was used to purge inside the system for at least 30 minutes at a flow rate of 100 
mL min-1, before the experiment began and was continued for at least 10 minutes after the 
experiment was over. The non-condensable gases were expelled in the fume hood. The biomass 
was heated from room temperature to 500 oC in the following four segments controlled via a PID 
controller: 
(i) Heating from room temperature to 100 oC.  
(ii) Isothermal treatment at 100 oC for 1 minute. 
(iii)  Increase in temperature from 100 to 500 oC and 
(iv) Isothermal treatment at 500 oC for 60 minutes.  
For each heating segment, a holdback value of 5 oC was used in the PID controller to ensure that 
the final temperature did not deviate beyond 5 oC from the set point temperature for that segment. 
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During the temperature ramp segments (i) and (iii), the average heating rate was approximately 
14 oC/min, which was within the heating rate range used for the DSC experiments. 
For ‘X’ g of pure biomass or blend used, the yield of bio-char was calculated from equation 16, 
while the other products were calculated as: 
𝑃𝑦𝑟𝑜𝑙𝑦𝑠𝑖𝑠 𝐿𝑖𝑞𝑢𝑖𝑑 𝑌𝑖𝑒𝑙𝑑, 𝑃 (𝑤𝑡 %) =  (
𝐿
𝑋
)   (18) 
𝐿𝑜𝑠𝑠 𝑎𝑛𝑑 𝐺𝑎𝑠 𝑌𝑖𝑒𝑙𝑑, 𝐺 (𝑤𝑡 %) = 100 − 𝐶 − 𝑃  (19) 
Here, L = Combined weight of the condensed liquid in three flasks of the condenser system. 
For calculation of loss and gas yield from equation 19, the following mass balance was assumed: 
𝑇𝑜𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑢𝑠𝑒𝑑 𝑖𝑛 𝑝𝑦𝑟𝑜𝑙𝑦𝑠𝑖𝑠 = (𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑏𝑖𝑜 − 𝑐ℎ𝑎𝑟) +
(𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑝𝑦𝑟𝑜𝑙𝑦𝑠𝑖𝑠 𝑙𝑖𝑞𝑢𝑖𝑑) + (𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑔𝑎𝑠𝑠𝑒𝑠 𝑎𝑛𝑑 𝑙𝑜𝑠𝑠𝑒𝑠)     (20) 
In case of catalytic pyrolysis runs, ‘B’ g of catalyst and ‘X’ g of either pure biomass or biomass 
mixture were used. Two assumptions were made for product yield calculation; a) the bio-char 
was generated from biomass only. So, the amount of catalyst was deducted from the weight of 
solid residue after run. B) the moisture present in the catalyst contributed to the aqueous phase 
part of pyrolysis liquid obtained. Based on this, the yield of bio-char and pyrolysis liquid were 
calculated as: 
𝐵𝑖𝑜 − 𝑐ℎ𝑎𝑟 𝑦𝑖𝑒𝑙𝑑, 𝐶𝑐  (𝑤𝑡 %) =  (
𝑆−𝐵
𝑋
) ∗ 100   (21) 
 𝑃𝑦𝑟𝑜𝑙𝑦𝑠𝑖𝑠 𝐿𝑖𝑞𝑢𝑖𝑑, 𝑃𝑐  (𝑤𝑡 %) =  (
𝐿
𝐵
) ∗ 100   (22) 
The yield of gas and losses were calculated from equation 19. 
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After an experimental run, all the system components were disconnected, and the quartz tubing 
connections were heated to 850 oC for 2.5 hours to clean up the residue prior to the next run. The 
larger system components like the steel tubing, condenser columns and connecting glasswares 
were cleaned using methanol. 
3.2.6 GC-MS Analysis of Bio-oil 
The collected bio-oil was analyzed using a GC-MS (QP2010S, Shimadzu USA Manufacturing 
inc., Columbia, MD, USA). The samples were diluted 40 times using dichloromethane (HPLC 
grade, Sigma Aldrich, St Louis, MO, USA) prior to injecting 1 µL of sample to a GC-MS 
equipped with DB5-MS capillary column (Part Number: 122 – 5532, 30 m length, 0.25 mm inner 
diameter and 0.25 µm film thickness, Agilent, Santa Clara, CA, USA) using an autosampler 
(AOC – 20i model, Shimadzu Corporation, Kyoto, Japan). The following oven method was used 
for the separation; i) hold at 40 oC for 4 minutes, ii) increase the temperature to 280oC at a rate of 
5 oC/min, iii) hold at this temperature for 20 minutes. The injector temperature was set at 250 oC 
in splitless mode. The carrier gas was helium at a flow rate of 1 mL min-1. The NIST mass 
spectral data library (2002, Baltimore, MD, USA) was used for the identification of the peaks on 
the chromatograms. The area percentage of the total ion chromatogram was used for determining 
the bio-oil composition using GC-MS solution (v 2.4, Shimadzu USA Manufacturing Inc, 
Columbia, MD, USA). The analysis of each bio-oil sample was performed in duplicate. 
3.2.7 Statistical Analysis 
Microsoft Excel 2013 was used for linear regression for the estimation of Ea, which was 
subsequently used for determination of A, ΔH, and ΔG. Response surface modelling for the 
relevant parameters and ANOVA analysis for the corresponding model was done using SAS (v 
9.4, SAS Institute Inc., Cary, NC, USA). The ANOVA tests were performed at α = 0.15 and the 
mean comparisons were done at α = 0.05 level. 
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3.2.8 Process Modelling  
The flow of energy and mass across various streams in the pyrolysis process starting from the 







RESULTS AND DISCUSSION 
 
4.1 Chemical Composition of Biomass  
The ultimate, proximate, sulphur, and lipid compositions of the biomass samples examined in this 
study are shown in Table 2-a, b, c and d. Algal biomass (AB) had relatively higher contents of C 
(43.66%), H (7.30%), and lower content of O (41%) as compared to those for the cedar wood 
(CW) and digested sludge (DS) samples. The elemental composition of AB determined in this 
study is comparable to the data reported in literature for other microalgae strains: Pseudanabena 
sp. SP 46 (Zhou & Dunford, 2017), Nannochloropsis gaditana (Sanchez-Silva et al., 2013), 
Nannochloropsis oculata and Tetraselmis sp. (Ceylan & Kazan, 2015). Relatively higher content 
of N in AB and DS (Table 2-a) is due to the higher protein content in these samples than that in 
the CW. Lower S and N content in the feedstock to be used for biofuel production is desirable, 
since higher content of these compounds increases harmful sulphur and nitric oxide emissions 
during fuel combustion. Although CW had significantly lower N content than that of AB and DS, 
sulphur contents of all three biomass examined in this study were similar.  
The carbon content of the biomass is directly proportional to the heating value of the biofuel, 
while the oxygen content inversely affects the heating value. 
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Presence of oxygen containing compounds such as lignin, cellulose, and hemicellulose in CW is 
the reason for its high O content, Table 2-a, (Praveen et al., 2016). The high fixed carbon content 
in CW (Table 2-b) could potentially be due to its high content of lignin which is composed of a 
very complex cross-linked network of aromatic compounds with very high thermal stability 
(Quan et al., 2016; Zhao et al., 2017a).   
The DS had extremely high ash content reducing its volatile matter and fixed carbon content 
(Table 2-b). This is due to the fact that DS tends to accumulate more heavy metals than the 
anaerobic waste (Agrafioti et al., 2013; Alvarez et al., 2002). Hence, the AB used in this study 
appears to be a better candidate for biofuel production than CW and DS. This conclusion is 
further supported by the finding that AB also has higher volatile matter and lower ash content 
than those of DS and CW (Table 2-b). High volatile matter and fixed carbon contents are 
desirable features for feedstock to be used for thermochemical production of biofuel.  
The speciation of sulfur in the biomass is very important for understanding chemical composition 
of the gas, liquid and solid phases formed during the pyrolysis process. The biomass samples 
examined in this study has similar total S content, Table 2-a. Although there were slight 
differences in the sulphur species (Table, 2-c) present in AB, CW and DS, the differences were 
not significant for practical purposes.  
Among the three biomass samples examined in this study, AB had the highest oil content (Table 
2-d). This result was expected considering that algae strains used for this study are salt water 
species which tend to accumulate lipids. The Lipids in DS is most probably due to the oil and fat 
present in foods and feces carried with municipal wastewater.  The presence of lipid in biomass 
increases its energy content and significantly affect pyrolysis kinetics and the products formed 
during the process. 
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The chemical composition of the biomass selected for this study, AB, CW and DS, are very 
diverse. Hence, co-pyrolysis of these feedstock would allow greater flexibility in process 
optimization and final product properties. 
4.2 Particle size analysis 
Particle size distribution of the AB and DS could not be determined due to the very limited 
amount of biomass available for this study. A small fraction of the CW particles obtained after 
grinding was larger than 850 mm (4.31 wt %) and between 75 to 150 µm (12.62 wt %) (Table 3). 
Majority of the CW particles (40.07 wt %) had a particle size between 355 to 850 µm. The 
fraction of the particles between 150 and 355 was also significant (33.38 wt %). The remaining 
weight fraction of the CW biomass had particles size smaller than 75 µm.  
It is known that smaller particle size for pyrolysis feedstock decreases the path length for pore 
diffusion during pyrolysis. This, in turn minimizes the secondary interaction of volatiles, thereby 
increasing the rate of devolatilization of biomass (Tian et al., 2016). Therefore, enhanced 
intraparticle heat and mass transfer lead to an increase in the yield of bio-oil (Kan et al., 2016).  
 4.3 Differential Scanning Calorimetry Analysis 
4.3.1 Pyrolysis Kinetics 
Pyrolysis kinetics of AB, CW, DS and their mixtures were examined with and without catalyst. 
The experimental design consisted of 18 combinations of biomass which were determined via 
statistical mixture experimental design, Table 1.  Typical DSC thermograms for pure and mixed 
biomass at 3 different heating rates are shown in Figures 2-4. The peak temperatures obtained 
from the thermograms and used for the calculations are listed in Table 4. The data clearly indicate 
that peak temperatures vary significantly with biomass type and the heating rate, consequently 
affecting the calculated kinetic parameters. 
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Among the 3 biomass samples examined in this study, pure AB had the lowest Ea and ΔH (Table 
5). The latter results were due to the lack of lignin content in AB as compared to the other types 
of biomass (Maddi et al., 2011). Pure DS had higher Ea and ΔH than those of AB, probably due to 
the presence of fibrous waste carried in the municipal wastewater (Ahmad & Eskicioglu, 2019). 
Additionally, DS might have higher amount of O containing hydrocarbons than AB (Table 2-a).  
Since the energy needed to break C – O bonds is high (about 400 kJ/mol) (Politzer & 
Ranganathan, 1986), the energy requirement for DS degradation is expected to be higher than 
AB. 
 It is well established that thermal behavior of a biomass during pyrolysis is correlated with its 
chemical composition (Shuping et al., 2010). The pyrolysis of pure CW with no catalyst had the 
highest energy requirement. This is due to its high lignin content which is thermally more stable 
than the other biomass components such as proteins and carbohydrates (Li et al., 2014; Mohan et 
al., 2006). The DSC thermograms for CW (Figure 2-4) displayed a peak in the temperature range 
of 120 to 160 oC, which was not present in the thermograms for AB and DS. This temperature 
range has been attributed to the degradation of light volatiles and simple sugar molecules like 
glucose, galactose and fructose in the biomass (Ahmad et al., 2017b). The occurrence of this 
reaction at such an early stage of pyrolysis could have possibly led to a high value of ΔG, 489.77 
kJ/mol, for CW (Table 4).  
The values of Ea, ΔH and ΔG for biomass mixtures varied from 192.39 to 398.55 kJ/mol, 179.96 
to 382.61 kJ/mol and 329.99 to 494.75 kJ/mol, respectively, depending on the composition of the 
biomass blend (Table 5).  It appears that addition of DS into the CW (combinations 7 and 9) 
significantly reduced the energy requirement for the pyrolysis process (Table 5). A possible 
reason for this trend could be that high ash content in DS produced catalytic activity reducing the 
energy barrier for CW degradation (Eom et al., 2012; Sanchez-Silva et al., 2012), and indicating 
synergistic interactions of biomass blends. A comparison of the degradation behaviours of AB 
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and DS mixtures (Combinations 11 and 15) indicates that higher AB fraction in the mixture 
significantly increases Ea due to the higher amount of lipids present in AB (Bui et al., 2016).  
One of the objectives of this study was to determine the biomass mixture combinations that 
resulted in low Ea and ΔH in an effort to minimize the energy requirement for the process.  The 
biomass mixture with 66.6% AB, 33.3% CW and no DS with catalyst (combination 16) gave the 
lowest Ea, 57.03 kJ/mol, and ΔH, 50.14 kJ/mol (Table 5).     
The ΔG of the CW (66.67 %) and DS (33.33 %) with no AB, combination 9, (329.99 kJ/mol) was 
lower than those for all three pure biomass. The DSC thermograms for the latter combination 
displayed an additional fourth peak between 339 and 384 oC at the heating rate of 10 oC/min. 
However, this peak was not present at the heating rates of 15 and 20 oC/min. Since this 
combination contained higher CW fraction than the other mixtures, it could be possible that there 
was not enough time for degradation of all the lignin and cellulose present in the blend at high 
heating rates.  So, the ΔG calculated for the combination 9 might be a slight underestimation of 
the true value.  
The highest ΔG value among the mixtures was obtained for the combination 15, 66.6% AB, 
33.3% CW and no DS, 494.75 kJ/mol. The DSC thermograms for this blend showed an additional 
peak in the temperature range of 155 to 171 oC which was not present in the thermogram for pure 
CW and AB (Figure 2-4) indicating the synergistic interaction of blend components and 
enhancement of the spontaneity of biomass degradation.  
For all biomass combinations, addition of catalyst in the combination reduced pyrolysis energy 
requirement (Table 5). A possible explanation for the latter results is that O containing functional 
groups on organic molecules present in the biomass like – OH, – C = O, and – C – O – C – 
formed acidic sites on the inner surface of Si – Al framework of ZSM-5. These sites are capable 
of easily interacting with complex molecules like polyaromatic rings and fatty acids and reducing 
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the energy needed for the reactions like decarbonylation, decarboxylation, cyclization, and 
deoxygenation that occur during biomass degradation (Wang et al., 2014a). The lowest energy 
barrier was obtained for the combination 16, 2:1 AB: CW mixture. The catalyst addition 
drastically lowered the pyrolysis energy barrier (Ea = 57.03 kJ/mol and ΔH = 50.14 kJ/mol) for 
this combination as compared to the blend without the catalyst, due to the catalytic activity (Li et 
al., 2014; Sanchez-Silva et al., 2012). Although there was an endothermic peak at 341.80 oC in 
the thermogram obtained at 20 oC/min corresponding to lignin and cellulose degradation, it tailed 
off at the heating rates of 10 and 15 oC/min (Figure 5 (a), (b) and (c)). This could have possibly 
happened because lignin and cellulose degraded around this temperature at high heating rates but 
lower heating rates did not provide sufficient energy for this reaction to complete.  
Other kinetic parameter studied was pre-exponential factor, A (Table 4) which helps to explain 
mechanism of the reactions occurring at different temperatures represented by endothermic peaks. 
For all the combinations, in the temperature range of 75 to 110 oC, the value of A (min-1) was 
below 6x1010, corresponding to removal of moisture from the biomass surface. (Ahmad et al., 
2017b; Turmanova et al., 2008).  For non-catalytic blends 1, 3, 5, 7, and 17 the value of A was 
higher than 6x1010 at temperatures from 140 to 260 oC, which was probably due to the initiation 
of the degradation of complex macromolecules like cellulose, hemicellulose, lipids and/or lignin 
in the blend. For the remaining combinations, A values were around 6 x1010. The latter results 
indicate lower energy requirement for the catalytic pyrolysis. The thermal degradation of the 
biomass components was probably initiated at a lower temperature in the presence of a catalyst.  
Above results further support the previous findings that catalyst addition reduced energy 
requirement for biomass degradation possibly by initiating degradation of complex 
macromolecules on the catalyst surface (Ahmad et al., 2017b) as revealed by the lower A values 
obtained for the catalytic pyrolysis than those obtained without catalyst.  
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4.3.2 Bio-char Yield 
Table 6 summarizes the bio-char yields from the DSC experiments. For pure AB and DS, the 
yield of bio-char was similar at heating rates of 10 and 15 oC/min. However, at the higher heating 
rate of 20 oC/min, bio-char production reduced from 34.29 to 31.43 and 54.28 to 48.27 wt % for 
AB and DS, respectively. The latter results can be explained by the improved heat and mass 
transfer at higher heating rates (Kan et al., 2016). The bio-char yield from CW decreased from 40 
to 37.14 wt % as the heating rate was increased from 10 to 15 oC/min. However, there was no 
significant change in the bio-char yield at the heating rate of 20 oC/min. This could have been due 
to the fact that the mass and heat transfer limitation in CW biomass was already overcome at 15 
oC/min, thereby not affecting the bio-char yield with increasing heating rate to 20 oC/min (Kan et 
al., 2016).   
The variations in the bio-char production with the change in the heating rate were more complex 
for the biomass blends. Presence or absence of the catalyst further complicated the bio-char 
production kinetics due to the very complex interactions and reactions occurring during the 
pyrolysis process. Very small biomass amount used in the DSC experiments is expected to 
introduce a large error in the bio-char measurements. Hence, no apparent trend could be 
established for bio-char production from the data collected from the pyrolysis of biomass blends 
with and without catalyst. 
4.4 Process Evaluation Using Surface Response Methodology 
Response surface modelling (RSM) was performed for Ea, ΔH, and ΔG using the RSREG 
procedure in SAS 9.4. The model comprised of the weight of two biomass components in the 
blend and the presence or absence of the catalyst. For pyrolysis of a complicated system 
comprising of a mixture of at least two different biomasses (especially combined with catalyst), 
statistical analysis at the commonly used α = 0.05 level, can lead to exclusion of essential 
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variables (especially the interaction between the biomass components) from the ANOVA test for 
the RSM model of both Ea and ΔH (Bursac et al., 2008). So, hypothesis testing for ANOVA tests 
at α = 0.05 level is not convenient. Furthermore, the total degree of freedom in the RSM models 
for both Ea and ΔH are 19 (Table 1; Total number of combinations = 20, including replication for 
combinations 13 and 14). When total degree of freedom for a response surface model is within 
20, testing at a higher significance level of 0.15 (α = 0.15) can be possibly considered as the best 
option (Bendel & Afifi., 1977). Hence, the ANOVA test was performed at α = 0.15 level.  
The models (equations 23 – 28) were found to be statistically significant (p < 0.0001) for both Ea 
and ΔH, for any of the three pairs of biomass components chosen, AB - CW, AB - DS and CW- 
DS and there was no significant lack of fit (p > 0.38) (Table 7 - 8). The models based on 
parameter estimates (Table 9 – 14) are listed below. 
(a) RSM model for biomass pair AB and CW: 
𝐸𝑎 = 13.43 ∗ 𝐶𝑊
2 − 71.93 ∗ 𝐶𝑊 − 8.95 ∗ 𝐴𝐵 + 11.73 ∗ 𝐶𝑊 ∗ 𝐴𝐵 − 113.89 ∗ 𝐶𝑎𝑡𝑟𝑎𝑡𝑖𝑜 +
367.38             (23) 
∆𝐻 = 12.86 ∗ 𝐶𝑊2 − 68.2 ∗ 𝐶𝑊 − 8.21 ∗ 𝐴𝐵 + 11.15 ∗ 𝐶𝑊 ∗ 𝐴𝐵 − 112.1 ∗ 𝐶𝑎𝑡𝑟𝑎𝑡𝑖𝑜 +
350.72            (24) 
Where, CW = Weight of cedar wood in the blend (mg), CW  
AB = Weight of microalgae mixed culture in the blend (mg), AB  
CW * AB = Interaction between CW and AB in the blend, 
Catratio = Catalyst to biomass weight ratio (wt/wt), Catratio = 0 or 2. 
(b) RSM model for biomass pair DS and CW: 
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𝐸𝑎 = 4.49 ∗ 𝐷𝑆
2 − 20.82 ∗ 𝐷𝑆 + 28.03 ∗ 𝐶𝑊 − 9.59 ∗ 𝐷𝑆 ∗ 𝐶𝑊 − 113.89 ∗ 𝐶𝑎𝑡𝑟𝑎𝑡𝑖𝑜 +
 319.92           (25) 
∆𝐻 = 4.53 ∗ 𝐷𝑆2 − 21.84 ∗ 𝐷𝑆 + 26.99 ∗ 𝐶𝑊 − 8.98 ∗ 𝐷𝑆 ∗ 𝐶𝑊 − 112.1 ∗ 𝐶𝑎𝑡𝑟𝑎𝑡𝑖𝑜 +
308.63           (26) 
Where, DS = Weight of digested sludge in the blend (mg), DS  
DS * AB = Interaction between the DS and AB in the blend, 
(c) RSM model for biomass pair AB and DS: 
𝐸𝑎 = 14.08 ∗ 𝐷𝑆
2 − 115.98 ∗ 𝐷𝑆 − 28.03 ∗ 𝐴𝐵 + 9.59 ∗ 𝐷𝑆 ∗ 𝐴𝐵 − 113.89 ∗ 𝐶𝑎𝑡𝑟𝑎𝑡𝑖𝑜 +
516.141           (27) 
∆𝐻 = 13.51 ∗ 𝐷𝑆2 − 111.7 ∗ 𝐷𝑆 − 26.99 ∗ 𝐴𝐵 + 8.98 ∗ 𝐷𝑆 ∗ 𝐴𝐵 − 112.1 ∗ 𝐶𝑎𝑡𝑟𝑎𝑡𝑖𝑜 +
497.56           (28) 
The ANOVA analysis showed that the value of R2 for Ea was higher, 0.8428 for DS - CW, and 
AB - DS than that of CW - AB (R2 = 0.8298). The R2 value of 0.8428 signifies that 84.28 % of 
the variation in response could be significantly explained by the model (DS - CW and AB - DS).  
The models also confirm that effect of catalyst on Ea and ΔH are significant (p < 0.0001).  
A significant quadratic effect (p < 0.005) for DS was found in the model based on AB - DS 
blends (Tables 13 and 14). A statistically significant interaction exists between the DS and AB for 
both Ea (p = 0.0939) and ΔH (p = 0.1085). Hence, the final RSM model chosen was based on the 
AB – DS. 
From the known value of DS and AB, CW can be calculated as:                                                                                                                                                         
𝐶𝑊 = 7 − 𝐷𝑆 − 𝐴𝐵         (29) 
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The statistical analysis of ΔG (Table 15) indicate a significant lack of fit (p < 0.0001) for the 
model attained. Hence, the given experimental design does not model ΔG well. Among the 
thermodynamic triplets, Ea, and ΔH are more important than ΔG, as they confer to energy barrier 
for pyrolysis (Ahmad et al., 2017 b; Xu & Chen, 2013; Zhou & Dunford, 2017). ΔG gives us the 
measure of the spontaneity for the pyrolysis process (Ahmad et al., 2017a; Xu & Chen, 2013). 
This measure of spontaneity for pyrolysis can also be inferred from the relative difference 
between Ea and ΔH (Vlaev et al., 2007). For all the 18 combinations, this difference (for each 
peak in the DSC thermograms used for calculating Ea and ΔH) was found to be approximately 5 
kJ/mol, which indicates a low energy barrier for pyrolysis favoring formation of an activated 
complex prior to final product formation (Ahmad et al., 2017a; Sánchez-Jiménez et al., 2013). 
Thus, the likelihood of all the possible reactions (decarbonylation, decarboxylation, cyclization, 
and deoxygenation) occurring during pyrolysis is high for all 18 combinations (Ahmad et al., 
2017b).   
The 3-D and contour plots for both Ea and ΔH (Figure 6-29) indicate that catalytic pyrolysis 
reduces energy requirement for the process. The plots also show that when the weight fraction of 
DS and AB was in the range of 42.86 - 57.14% and 0 - 14.29%, respectively, the energy 
requirement was minimized (≤ 75 kJ/mol for Ea and ≤ 50 kJ/mol for ΔH). Based on the RSM 
model from equation 27 and 28, and the blend fraction region identified earlier, the following 
blend (with ZSM-5: Biomass blend = 2:1) with Ea and ΔH values of 52.75 and 45.37 kJ/mol, 
respectively, was chosen for further investigation: 57.14% DS - 4.29% AB - 38.57% CW. This 
combination with ZSM–5 is referred to as the “optimum combination” (OC) and the 
biomass mixture without ZSM–5 is designated as “optimum mixture” (OM) in the text 
from this point forward. 
4.5 Bio-oil Yield 
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Due to the limitations of the pyrolysis system available to this study, it was not possible to collect 
and quantify bio-oil produced during the pyrolysis experiments accurately (Table 16). The lines 
between the reactor outlet and the condenser system was long causing bio-oil condensation before 
the gas stream reached the condenser. Insulation and even the heating of the lines did not 
eliminate large bio-oil loss in the system. However, bio-char yield produced during the pyrolysis 
runs could be measured accurately. The measurements for the pyrolysis liquid including bio-oil 
collected in the condenser could be measured with less accuracy due to the losses in the system as 
described earlier (Table 16). Hence, the amount for gases and losses reported in Figure 30 was 
calculated from the material balance. It appears that the relative amount of bio-oil recovered from 
pure AB without catalyst (14.8%) was higher than those for the CW (3.37%) and DS (5.32%). 
This result is expected due to the significantly higher volatile content of AB than CW and DS 
(Table 2-b). The high content of lignin in CW led to lower bio-oil yield as compared to the other 
two biomass (Maddi et al., 2011; Yang et al., 2007). Catalyst addition (Catalyst: biomass ratio = 
2:1 wt/wt) to OM seems to lower the bio-oil yield, Figure 30. This can be attributed to the fact 
that catalyst addition at such a high amount leads to secondary degradation of large molecular 
weight volatiles, especially at a low heating rate used in this study, which enhances the gas yield, 
thereby reducing the bio-oil yield (Gao et al., 2017; Zhang et al., 2018a). Additionally, the 
volatile content of the OM is low owing to the high weight fraction of DS and low AB (Table 2-
b). This could also have been another possible cause for low recovery of bio-oil from the blend of 
OC (Zhao et al., 2017a). 
Pure DS resulted in the highest bio-char yield, 50%, followed by AB, 30.5%, and CW, 23%. The 
high ash content of DS, 32.97%, Table 2-b, led to highest yield of bio-char (Figure 30) (Agrafioti 
et al., 2013). Finally, the bio-oil recovery from OC, 1.04 %, was lower than that of combination 
14 (2.73 wt %, ZSM-5: biomass blend = 2:1 wt/wt, where the blend has all the three biomass 
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components in equal weight fraction). This could be due to the fact that the volatile matter was 
relatively higher in the latter combination (Zhao et al., 2017a).  
As the catalyst added to OM at increasing amounts, the bio-oil yield decreased significantly from 
3.18% to 0.89%,  0.91% and 1% at 0.5, 1 and 2 catalysts : biomass ratio, respectively (Figure 30). 
The latter results also supported by the findings that as the catalyst to biomass ratio in the blend 
increased from 0.5 to 2, the yield of bio-char drastically decreased from 42.5 to 23.5%, while the 
yield of gases significantly enhanced from 35.11 to 55.18%. This could have happened, because 
increase in weight of catalyst added to the OM, led to further degradation of large molecules 
which promoted gas formation, thereby reducing the yield of bio-char and bio-oil recovery (Aho 
et al., 2008; Zhang et al., 2018a). Increased gas production with increasing catalyst amount can be 
attributed various reactions like dehydrogenation, cracking, and cyclization or aromatization that 
lead to hydrocarbon conversion from biomass at the acid sites of ZSM-5 (Iliopoulou et al., 2012). 
4.6 Chemical Composition of Bio-oil 
Chemical composition of bio-oil obtained from 11 different combinations (Table 17) was 
analyzed to assess the effects of biomass composition and catalyst amount in the mixture 
on aromatic hydrocarbon production. The experimental design used in this study was 
developed to minimize the process energy requirement, not the effect of presence or 
absence of a catalyst in the mixture on aromatic hydrocarbon production. To further 
evaluate the process variables for aromatic hydrocarbon production, the OC (OM with 
catalyst, ZSM–5: Biomass blend = 2:1) determined using the original experimental design 
in the previous section of this dissertation, OC, 57.14% DS - 4.29% AB - 38.57% CW, was 
pyrolyzed in a larger system to obtain sufficient bio-oil for chemical testing. The effect of the 
amount of catalyst in the mixture on chemical composition of the bio-oil produced was examined 
at 3 different catalyst: biomass ratio, 0.5, 1 and 2 using OM (Table 17). 
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Combination 14, 33.33% DS - 33.33% AB - 33.33% CW with ZSM-5: Biomass blend = 2:1 was 
also included in the large scale experiments to collect sufficient bio-oil for chemical testing for 
comparison purposes.  
Major chemical groups identified in the bio-oil were aromatic hydrocarbons (AH), other aromatic 
compounds (OA) (all aromatic groups except hydrocarbons), acids, alcohols, aldehydes, ketones, 
amine, amides, esters, nitriles, paraffins, olefins, alkynes, furans and cholesterol-derived 
compounds. 
A very low amount of AH, 1.27%, was found in the bio-oil obtained from CW while AB and DS 
did not produce detectable amount of AH when pure biomass samples were pyrolyzed without 
catalyst (Table 17). The highest OA yield was obtained with CW, 71.71%, and in decreasing 
amounts in bio-oils from DS, 12.98%, and AB, 2.46%. OA mainly comprised of different 
methoxy derivatives of phenol and trimethoxy benzene. The probable reason behind such a high 
yield of these aromatic compounds is thermal degradation of lignin in CW at 500 oC (Mullen & 
Boateng, 2010). Aromatic compounds are desirable for various chemical industries especially as 
solvent. Hence, the bio-oil from CW could be useful for various chemical industries. Furans were 
also present in the bio-oil from CW. These findings are in agreement with an earlier report on 
CW pyrolysis (Yang et al., 2016).  
The main class of chemical compounds in bio-oil from AB was acids, n-hexadecanoic acid being 
the major one, 52.47%. This could have been due to incomplete thermal degradation of the long 
chain fatty acids such as n-hexadecanoic acid, under the pyrolysis conditions used in this study 
(Zhang et al., 2016). n-Hexadecanoic acid is known to have antimicrobial activities (Agatonovic-
Kustrin et al., 2016; Tang et al., 2017). Hence, such a bio-oil rich in latter fatty acid could be 
useful in pharmaceutical industries. 
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The bio-oil from pure DS produced the highest amount, 53.97%, of cholesterol-derived 
compounds like cholestene, cholestane, and cholestanol acetate. This is due to the presence of 
cholesterol coming from food waste and human feces carried with municipal wastewater. The 
catalytic activity in DS which is due to its high ash content was helpful in converting some of the 
cholesterol molecules to OA during pyrolysis. This is evident from the yield of OA from DS, 
12.98% that is relatively higher than that produced by AB, 2.46%. It is well established that bio-
oil composition is dependent on pyrolysis temperature (Chen et al., 2016; Onay, 2007). The 
pyrolysis temperature used in this study, 500 oC, did not provide enough energy for complete 
degradation of cholesterol to aromatic compounds (including hydrocarbons) and other molecules 
(Hietala & Savage, 2015). 
When OM was subjected to pyrolysis, no AH was found in the bio-oil (Table 17). However, the 
yield of OA was higher, 44.32%, than that from AB and DS alone.  Also, bio-oil from OM 
contained cholesterol-derived molecules (cholestene and cholestane-diol) at a lower yield, 
20.18% than that from DS alone. A prominent reason behind this could be that the catalytic 
activity in the blend due to its high content of DS and its high ash content, which aided in 
conversion of cholesterol and other molecules like olefins and acids to these aromatic 
compounds. Hence, this bio-oil can be used as a feedstock for various chemical industries 
requiring aromatic compounds.   
Therefore, co-pyrolyzing AB, DS, and CW in the weight fractions as in OM improves the 
chemical composition of the bio-oil by increasing its aromatic content. But, it does not 
necessarily lead to formation of AH in high concentrations. This could be due to the fact that the 
hydrogen content of the blend was low as compared to other elements (C, O, N and S) (Table 2-
a), which inherently was a barrier for AH formation (Zhang et al., 2018b).  Additionally, the 
pyrolysis temperature, 500 oC, was insufficient for AH formation as higher energy is needed for 
AH formation than other compounds (Du et al., 2013).   
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 When either pure biomass or biomass mixtures were combined with zeolite ZSM–5 at catalyst: 
biomass ratio of 2:1, AH were found in the bio-oil obtained. For instance, AH content of the bio-
oil from DS was found to be 72.30% when catalytic pyrolysis was carried out. Additionally, the 
weight fraction of cholesterol derived compounds, alcohols, and OA had drastically decreased 
from 53.97 to 22.13%, 6.19 to 4.09%, and 12.98 to 4.09%, respectively. From this, it can be 
inferred that catalytic pyrolysis of DS facilitated the conversion of OA, alcohols, and cholesterol 
to AH. The possible reason behind it could be that catalyst facilitated disruption of the C – O 
bonds and aided with the dehydration, decarbonylation, decarboxylation, cyclization, alkylation, 
and aromatization reactions (Karnjanakom et al., 2016). As a result, oxygen from the biomass 
was removed as H2O, CO2, and CO, and subsequently carbon and hydrogen was converted to AH 
(Zhang et al., 2017). Similar findings were observed for the catalytic pyrolysis of CW and AB 
producing AH content of 84.90 and 57.76% in the bio-oils, respectively. CW being a 
lignocellulosic biomass with high lignin content and further deoxygenation of oxygen containing 
molecules could have led to such an enhanced yield of AH in the bio-oil (Zhang et al., 2018b). 
However, when the bio-oil from catalytic CW pyrolysis was diluted with HPLC grade 
dichloromethane, some precipitate formed which was removed prior to GC – MS analysis. So, the 
estimated value for AH content in the bio-oil could be a slight overestimation of the true value as 
some other compounds were removed from the bio-oil sample analyzed. 
Catalytic pyrolysis of OC produced 83.12% AH in the bio-oil. It is worth noting the absence of 
OA and acids in the bio-oil for this catalytic blend. So, it was possible that these compounds were 
completely converted to AH in the presence of the catalyst (Karnjanakom et al., 2016; Zhang et 
al., 2017). The latter hypothesis is also supported by the drastic reduction of alcohols and 
cholesterol derived compounds from 9.21 to 0.69% and 20.18 to 10.94%, respectively, in the bio-
oil with catalyst addition. GC – MS analyses indicate that AH are comprised of naphthalene and 
its methyl derivatives (79.29%), along with small amount of anthracene and its methyl derivatives 
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(2.91%). Naphthalene and anthracene are known to be useful as industrial solvents and precursors 
for different chemical industries (Erarpat et al., 2017; Hossain et al., 2016). Moreover, in the past 
few years, they have been recognized as promising candidates for highly conductive single 
molecular wires, where the Π electron on the benzene ring can directly couple to a metal 
electrode via metal - Π coupling (Liu et al., 2015).  Hence, such a bio-oil could have potential 
application for conductive wire manufacturing industries in addition to various chemical 
industries. 
Finally, when the bio-oil composition obtained from catalytic pyrolysis of OC (Table 17) and the 
biomass blend with equal weight proportions of AB, CW and DS (Table 17, combination 14) 
were compared, it was observed that AH content was slightly higher (89.38%) in combination 14 
than that in OC (83.12%). Moreover, it is worth noting that the fraction of cholesterol derived 
compounds in the bio-oil from combination14 was lower (4.42%) than that in OC (10.94%). The 
lower weight fraction of DS in combination 14 (33.33%) as compared to that in OC (57.14%) 
could have led to such lower yield of cholesterol derived compounds in the bio-oil, since the 
cholesterol content of the combination 14 was lower than that for OC due to the higher 
cholesterol content in DS. The other compounds detected in these bio-oils were OA (2.40%), 
aldehydes (0.70%), alcohols (1.08%) and olefins (2.02%). The AH were comprised of 
naphthalene and its methyl derivatives (85.29%) with a small fraction of anthracene and its 
methyl derivatives (4.09%). The latter results clearly demonstrate that the yield and presence of 
various chemical compounds in the bio-oil from catalytic co-pyrolysis of the three biomasses are 
affected by their weight proportion in the mixture.  
The effect of catalyst loading on AH production was examined by pyrolyzing OC at 3 catalyst 
loading levels, catalyst : biomass ratio of 0.5, 1 and 2.  The combination with the lowest catalyst 
loading, combination OM – 0.5 (Table 17) produced 22.88% AH, 37.51% OA, 9.23% acids, 
1.57% alcohols, 10.61% olefins, and 18.20% cholesterol derived compounds. The latter 
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compounds are produced in lower amounts with the exception of olefins when OC was pyrolyzed 
without a catalyst (combination OM, Table 17). The yield of olefins (α-cedrene) in the bio-oil 
from combination OM – 0.5 (10.62%) was relatively higher than that from combination OM 
(4.15%). The possible reason behind it could be that α-cedrene which is a major compound in 
CW essential oil was converted to different AH (naphthalene and its methyl derivative) in the 
presence of catalyst (Marcilla et al., 2008; Zhang et al., 2015). However, the amount of catalyst 
added was not sufficient to completely convert the polycyclic olefin to AH. From this it could be 
inferred that the addition of ZSM-5 to OM at 50 wt % of the biomass blend boosted the 
conversion of acids, alcohols, OA and cholesterol to AH and olefins. 
As the catalyst loading with OM is increased (combination OM – 1.0, Table 17), AH content of 
the bio-oil increased significantly from 22.88 to 62.89% (Table 17). Yields of acids (3.55%), OA 
(10.78%), olefins (7.42%), and cholesterol derived compounds (12.01%) decreased with 
increasing catalyst amount in the blend. However, concentration of alcohols increased from 
1.56% to 3.36% with increasing catalyst: biomass ratio from 0.5 to 1, but, a further increase in 
catalyst: biomass ratio to 2 resulted in a lower alcohol concentration in the bio-oil, 0.69%. The 
highest alcohol concentration was obtained with OM, 9.21%. The possible reason behind this was 
that catalytic pyrolysis facilitated further conversion of acids, alcohol, OA, cholesterol, and α-
cedrene to AH. Additionally, it was possible that the acid (n-hexadecanoic acid) in the biomass 
blend was deoxygenated to form alcohol (1-dodecanol, 3,7,11-trimethyl) as an intermediate that 
got converted to AH (naphthalene and its methyl derivative) (Zhang et al., 2015). Increased 
catalyst loading with biomass provide more catalytic sites for pyrolysis reactions aiding further 
deoxygenation and cracking of different chemical compounds present in the bio-oil (Zhang et al., 
2018b). Depending on the catalyst loading to the system, the amount of catalyst might not be 
enough for complete deoxygenation of the alcohol and subsequent formation of AH.  
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From these findings, it is clear that increased catalyst loading with the biomass blend enhances 
the yield of AH in the bio-oil. This finding is consistent with other reports in literature (Anand et 
al., 2016; Wang & Brown, 2013; Zhang et al., 2018b).  
4.7 ASPEN PLUS Simulation 
Information on the ASPEN PLUS simulation for modelling co-pyrolysis process optimization, 
and mass and energy balance evaluation is limited in the literature. Furthermore, an extensive 
literature review did not reveal any study on ASPEN PLUS simulation for co-pyrolysis using AB, 
DS and CW. Hence, this study is the first attempt for simulating co-pyrolysis of AB, DS and CW. 
The simulation comprised of 3 blocks and 6 streams (Figure 31).  
The following streams were defined: “BLEND” –  comprises either pure biomass or biomass 
mixtures; “PRODUCT” – decomposed products generated from pyrolysis of pure biomass or 
mixture; “SOLID” – bio-char generated from co-pyrolysis of BLEND; “PRODGAS” – gas 
generated from co-pyrolysis of BLEND; “LIQUID” – liquid stream comprising of both aqueous 
phase and bio-oil generated from condensation of the gas released from co-pyrolysis; and “GAS” 
– non-condensable gases released form the condenser unit of the co-pyrolysis system. The latter 
stream also accounts for the losses involved in the mass yield calculation of the three product 
streams.  
Following blocks were used to generate and process the streams defined earlier: 
 PYROLYSI – RYield reactor stream used for modelling the co-pyrolysis of “BLEND” 
stream at 500 oC. The stream “PRODUCT” is released from this block. 
 SOLIDSEP – SSplit separator is used for separating the gas stream generated during 
pyrolysis of the “BLEND” from the solid formed. This block is used as RYield block which 
functions only as a reactor, does not model product separation. So, “PRODUCT” stream 
60 
 
formed from RYield block needs to be separated before further analysis can be performed on 
the solid, liquid and gas streams. 
 CONDENSE – A flash separator that functions as a condenser for separating the liquid 
stream from the non-condensable gases formed. 
The following assumptions were made for the simulation:  
 The process is at steady state. 
 The pressure inside the pyrolysis reactor and condenser unit is 1 atm. 
 The stream BLEND was specified at 25 oC and 1 atm pressure. 
 Ultimate, proximate and sulphur compositions of the biomass blends were calculated from 
the weight fraction of each biomass component in the blend. For example, the ash content of 
AB and DS was 11.5 and 32.97 wt % respectively. So, for combination 17 (AB: DS = 2:1 
wt/wt), the ash content was calculated as 18.66 wt % [(11.5 x 0.6667) + (32.97 x 0.3333)].  
 In ultimate analysis, the Cl content was assumed to be zero. 
 Ultimate composition (C, H, N, Cl, S and O) of BLEND is the same in the PRODUCT 
(including both the solid and pyrolysis vapor products before their respective streams get 
separated via SEPSOLID block) stream coming out from the RYIELD reactor. 
The physical property thermodynamic model used in this simulation was “PENG-ROB (Peng 
Robinson)”. MIXNC was used as the stream structure for defining the non-conventional input of 
“BLEND” stream. The density and enthalpy of these two streams were modelled using 
“DCOALIGT” and “HCOALGEN” models respectively. For this, proximate, ultimate and 
sulphur analysis of the blend had to be specified. The temperature for the blocks “PYROLYSI”, 
“SOLIDSEP” and “CONDENSE” were specified as 500 oC for the first two and 5 oC for the 
latter, respectively.  For mass balance across the RYield reactor, several FORTRAN statements 
were written in the calculator block for the same.  
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The simulation was performed on 9 combinations (the pure biomass of AB, CW and DS, and 
their various non-catalytic mixture) selected from the experimental design used for the DSC runs 
(Table 1). For mass and energy balance, the system boundary for the whole pyrolysis unit 
comprised of the input stream of “BLEND” and the outlet streams of “SOLID”, “GAS”, and 
“LIQUID”. Furthermore, each of the three blocks from the flowsheet represented a sub–
boundary, where the mass and energy balance was performed for the input and output streams at 
that specific block. For instance, PYROLYSI block represented a sub-boundary for the input 
stream of BLEND and the output stream of PRODUCT from the block. In the same way, 
SOLIDSEP represented the sub-boundary for balancing mass and energy for the inlet stream of 
PRODUCT and outlet stream of PRODGAS and SOLID. Finally, CONDENSE was the sub-
boundary for the inlet stream of PRODGAS and outlet of GAS and LIQUID stream. 
Based on these defined unit boundaries, the stated assumptions and input (mass flow rate of 
BLEND = 20 g/day), mass balance was performed (Figure 32) for the 9 combinations. For the 
three pure biomasses, it was found that mass flow (g/day) was the highest (6.59) for SOLID 
stream for DS, while it was lowest (2.3) for AB. The latter results are due to the high ash content 
of DS and volatile content of AB. When considering the mass flow of GAS, it was highest for 
CW (10.23) and lowest (8.98) for DS. In case of LIQUID stream, the value obtained was 
maximum (7.73) for AB and was minimum for DS (4.43).  
When considering the mass balance of the various mixtures of the three biomasses, mass flow 
rate of SOLID stream was the highest (5.47) for combination 7 [CW: DS = 1:2 wt/wt]. 
Consequently for the same combination the mass flow was lowest for LIQUID (5.14) stream. 
But, for combination 15 [AB: CW = 2:1 wt/wt], the mass flow rate of SOLID (2.6) was the 
lowest, while it was highest for the LIQUID (7.34) stream. A possible explanation for this trend, 
as seen from the mass flow balance for SOLID stream was that the higher content of heavy 
metals (along with low volatile matter) present in the DS component of combination 7, in 
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addition to the lignin from the CW component promoted secondary interaction of the volatiles 
released during co-pyrolysis of the blend. This enhanced the yield of bio-char i.e. SOLID and led 
to the higher mass flow of it as compared to that of LIQUID and GAS. As DS was replaced with 
AB in combination 7, in the same weight fraction (combination 15), the volatile matter content of 
the biomass mix was enhanced, which minimized these secondary interaction of the volatiles 
released during co-pyrolysis. This, possibly boosted the yield of bio-oil from combination 15, 
thereby, enhancing the mass flow for LIQUID stream. Comparing the LIQUID mass flow of 
combination 15 with that of the three pure biomasses, it was found to be higher than that of CW 
(6.56) and DS (4.43), but slightly lower than AB (7.73). From this, it can be inferred that there 
was possible synergistic interaction between the biomass components AB and CW in 
combination 15 as far as enhancement of the mass flow of LIQUID stream (and thereby yield of 
pyrolysis liquid product) was concerned. 
While considering the enthalpy flow of the 6 streams for the three pure biomasses (Figure 33), it 
was found that the highest enthalpy flow for PRODUCT (4.07) and PRODGAS (4.11) was 
obtained for AB, while the same was lowest for DS [PRODUCT (2.36) and PRODGAS (2.46)]. 
As a result, the same trend was observed for LIQUID stream for a given biomass combination. 
So, for AB the enthalpy flow for LIQUID (1.95) was relatively higher than that of DS (1.12). In 
case of biomass mixtures, same trend like that of mass flow was observed in case of combination 
7 and 15. Therefore, combination 7 had lowest enthalpy flow in the streams PRODUCT (2.71), 
PRODGAS (2.79) and LIQUID (1.30) as compared to that of combination 15 [PRODUCT (3.85), 
PRODGAS (3.89) and LIQUID (1.85)]. When the enthalpy flow for LIQUID stream for 
combination 7 was compared with that of the three pure biomasses, it was realized to be lower 
than that of AB (1.95) and CW (1.65), but slightly higher than that of DS (1.12).  
It is known that biomass is a poor conductor of heat. So, blending CW with DS, at twice the 
amount of CW used, can potentially help improve the heat conduction through the biomass owing 
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to its high ash content. Thus, the energy consumption for production of pyrolysis liquid got 
reduced. This suggests possible synergistic interaction between CW and DS components of 
combination 7. 
The enthalpy flow from SOLID stream was negative implying energy release due to char 
formation which is an exothermic reaction. This finding is consistent with that of reports in 
literature (Mok & Antal, 1983; Oyedun et al., 2013; Rath et al., 2003). As expected, high mass 
flow rate of liquid is associated with high enthalpy flow or energy consumption.  
Another essential information gathered from enthalpy flow of the ASPEN PLUS simulation was 
heat duty (kJ/hr) for the PYROLYSI and CONDENSE block for the 9 combinations (Table 18). 
In case of PYROLYSI block functioning as pyrolysis reactor, heat duty gives an idea of the heat 
absorbed in the pyrolysis reactor during the pyrolysis of BLEND to give PRODUCT. This heat 
includes sensible heat, latent heat for vaporization as pyrolysis vapors get generated, and heat of 
different reactions (decarboxylation, decarbonylation, dehydration etc.) that occur during 
pyrolysis (Nwaoha et al., 2017). For CONDENSE block, heat duty is the amount of heat released 
from the cooling of the pyrolysis vapors. 
For the three pure biomasses of AB, CW and DS, for PYROLYSI block heat duty (kJ/hr) was 
highest for CW (8.8) and lowest for DS (6.93). When considering the same for CONDENSE 
block, the heat duty was highest for AB (-2.05), but lowest for DS (-1.23). In case of biomass 
mixtures, heat duty for PYROLYSI block was found to be highest for combination 15 (8.72), but 
lowest for combination 11 [AB: DS = 1:2 wt/wt] (7.51). For CONDENSE block, it was highest 
for combination 15 (-1.93) but lowest for combination 7 (-1.39) [for combination 11, it was low (-
1.50), but slightly higher than combination 7].  
The catalytic activity of ash in DS is capable of reducing heat consumption in the pyrolysis 
reactor (PYROLYSI) during pyrolysis. As a result of this, the heat duty was lowest for 
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combination 11, as compared to other biomass mixture combinations. Therefore, co-pyrolysis 
using DS leads to decreased energy consumption in the pyrolysis reactor. Furthermore, heat 
released in the condenser unit (CONDENSE) of the pyrolysis system was correlated with the 
amount of heat consumed in the pyrolysis reactor. So, as more heat is absorbed by the reactor, 
more heat will be released in the condenser system. This study demonstrated that mass and heat 
balances of a co-pyrolysis process can be successfully analyzed via ASPEN PLUS simulation. 








This is the first study reporting investigation of co-pyrolysis of the biomass from AB, CW and 
DS with and without a catalyst (ZSM–5). The selected biomass samples had very diverse 
chemical composition indicating their suitability for optimizing a biomass blend for a given 
application.  
A RSM design comprising 18 biomass mixtures with and without a catalyst was developed to 
model Ea, ΔH and ΔG for the process. The experimental data was collected via a DSC method at 
the heating rates of 10, 15 and 20 oC/min and biomass degradation kinetic parameter, Ea, ΔH, ΔG 
and pre-exponential factor A were calculated according to the Floor Wynn Ozawa (FWO) 
method. The models developed for Ea and ΔH were statistically significant and did not have lack 
of fit. However, ANOVA analysis indicated that RSM was not suitable for modeling ΔG using 
the experimental design developed for this study. The RSM model developed for AB and DS 
blends were used to determine the optimum biomass mixture (OM) for low pyrolysis energy 
requirement. The following blend composition was identified as the OM with catalyst, ZSM-5, at 
a catalyst: biomass weight ratio of 2:1 (OC) using the 3D contour plots and the RSM model 
developed: 57.14 wt % DS; 4.29 wt % AB and 38.57 wt % CW. OC had low Ea, 52.75 kJ/mol 
and ΔH, 45.37 kJ/mol.  The experimental results clearly demonstrated that co-pyrolysis of AB, 
DS and CW at optimum weight fractions is capable of lowering system energy requirements for 
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pyrolysis i.e. Ea and ΔH. The results obtained from the DSC experiments also indicated that 
catalytic pyrolysis further reduced the energy required for the pyrolysis reactions.  
Large scale pyrolysis tests carried out in a furnace were slow pyrolysis owing to the restriction on 
the average heating rate (14 oC/min). The results of the latter experiments demonstrated that 
biomass composition had a significant effect on the bio-oil, bio-char and gas yields and 
composition. The mass balance calculations based on the recovered bio-char and bio-oil amounts 
indicate that AB produced the highest amount of bio-oil, 14.8 wt %. The calculated bio-oil yields 
in the presence of the catalyst was even lower than those without a catalyst. However, it is 
important to note that absolute values of the calculated yields are underestimation of the actual 
liquid stream yields due to the large losses in the system especially with condensation of bio – oil 
in the steel tubing that connects the furnace outlet with the condenser unit.  
Pyrolysis of pure AB, DS, CW and their mixtures without catalyst did not produce significant 
amount of AH. Catalytic pyrolysis significantly increased AH production. The highest AH was 
produced using OC and a catalytic blend (catalyst: biomass = 2:1 wt/wt) of biomass mixture 
containing equal amount of AB, DS and CW, 83.12 and 89.38 wt %, respectively. The 
experimental result obtained with OM at different catalyst loading ratio confirmed that higher 
catalyst loading enhances AH content of the bio-oil produced. For example, AH in the bio-oil 
increased from 22.88 to 83.12 wt % when catalyst: OM ratio increased from 0.5 to 2. AH in the 
bio-oil consisted of polyromantic hydrocarbons of naphthalene, anthracene and their methyl 
derivatives.  
Finally, the mass and energy transfer across the various streams of the pyrolysis system were 
evaluated via ASPEN PLUS simulation. Since, the simulation software is developed for non-
catalytic pyrolysis, only biomass mixtures without catalyst were examined. Heat duty for both the 
pyrolysis reactor and the condenser unit of the pyrolysis system were also determined.  
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The highest amount of PROGAS (LIQUID + GAS) was produced by pure AB. This is due to the 
higher volatile content of AB. The highest SOLID (bio-char) amount was produced from DS due 
to its very high ash content. Biomass blend with high DS amount also produced higher amount of 
SOLID. From these results it can be concluded that the mass balance simulation describes the 
system well and in agreement with the results obtained from DSC experiments.  
Heat duty for the pure DS and the biomass blends with high DS amount, 66.67%, were lower due 
to their high ash and lower organic matter content to be decomposed in the blend. Heat released 
from the condenser was highest for the pure AB and the biomass mix with highest AB fraction, 
66.67%, due to the high amount of PRODGAS processed in the CONDENSE block.   
In conclusion, this study supports our hypothesis that co-pyrolysis of AB, DS and CW lowers the 
process energy requirement and catalytic co-pyrolysis allows customization of the final product, 







1) Due to the limitations of the DSC instrument available for this study, the temperature range 
for the experiments was selected as 25 – 500oC. Further research is needed to examine the 
bio-oil yield and composition from AB, DS and CW mixtures at higher temperatures.  
2) The biomass blend optimization study examined the effect of catalyst at only one loading 
ratio, catalyst: biomass ratio of 2. Considering that high catalyst amount in the system 
reduces feedstock loading and increases operational cost, more research is needed to 
determine the optimal catalyst loading for desirable bio-oil yield and composition.  
3) A better pyrolysis system design, i.e. shorter reactor and condenser system connections and 
better insulation, could have improved the product recovery and the results of mass balance 
calculations. 
4) The experimental design used for the DSC experiments did not lead to a significant ΔG 
model. Hence, the RSM models can be further improved by including more biomass 
combinations into the experimental design.  
5) A pyrolysis system with an online analysis system that will allow the evaluation of 
PRODGAS chemical composition would be helpful to better describe the chemical reactions 
as affected by the changes in feedstock composition.  
6) Dilution of the bio-oil obtained from the catalytic pyrolysis of CW with HPLC grade 
dichloromethane caused precipitation of some of the bio-oil components. Further analytical 
69 
 
testing of the bio-oil and the precipitate could be helpful to better understand the bio-oil 
characteristics.  
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other catalysts on product yield and compositions could advance our understanding of the 
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Table 1: Experimental design for DSC runs with different weight fraction (wt %) of 
biomass blends 
Combination No. AB CW  DS Catalyst to biomass weight ratio  
1 100.00 0.00 0.00 0.0 
2 100.00 0.00 0.00 2.0 
3 0.00 100.00 0.00 0.0 
4 0.00 100.00 0.00 2.0 
5 0.00 0.00 100.00 0.0 
6 0.00 0.00 100.00 2.0 
7 0.00 33.33 66.67 0.0 
8 0.00 33.33 66.67 2.0 
9 0.00 66.67 33.33 0.0 
10 0.00 66.67 33.33 2.0 
11 33.33 0.00 66.67 0.0 
12 33.33 0.00 66.67 2.0 
13 33.33 33.33 33.33 0.0 
14 33.33 33.33 33.33 2.0 
15 66.67 33.33 0.00 0.0 
16 66.67 33.33 0.00 2.0 
17 66.67 0.00 33.33 0.0 
18 66.67 0.00 33.33 2.0 
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Table 2: Elemental analysis (wt %) of the three pure biomass [AB = Algal Biomass; CW 
= Cedar Wood; and DS = Digested Sludge]. Means labeled with the same letters are not 
significantly different (Tukey’s HSD test, α = 0.05). [In all the tables under table 1, 
means comparison is done along the rows] 
(a) Ultimate analysis of the three biomass 
Biomass AB CW DS 
C 43.66 ± 0.64c 39.06 ± 0.64b 33.01 ± 0.07a 
H 7.30 ± 0.08b 4.80 ± 0.82ab 5.40 ± 0.48a 
N 5.97 ± 0.25c 0.82 ± 0.30a 4.81 ± 0.01b 
S 2.09 ± 0.22a 2.24 ± 0.30a 2.57 ± 0.46a 
O 41.00 ± 0.09a 53.09 ± 1.46b 54.22 ± 0.08b 
 
(b) Proximate analysis of the three biomass 
Biomass AB CW DS 
Ash 11.50 ± 0.21a 16.05 ± 1.05b 32.97 ± 0.05c 
Moisture 6.13 ± 0.41a 8.29 ± 0.27b 5.96 ± 0.14a 
Volatile Matter 75.57 ± 1.30c 66.43 ± 0.28b 58.72 ± 0.67a 
Fixed Carbon 6.80 ± 1.92ab 9.23 ± 1.04b 2.35 ± 0.57a 
 
(c) Sulphur analysis of the three biomass 
Biomass AB CW DS 
Sulphate 0.87 ± 0.04b 0.01 ± 0.00a 1.66 ± 0.01c 
Pyritic Sulphur 0.14 ± 0.02a 0.36 ± 0.02a 0.30 ± 0.15a 






(d) Lipid content (wt %) of the three biomass  
Biomass AB CW DS 
Lipid (dry basis) 7.54 ± 0.19c 1.66 ± 0.03a 6.46 ± 0.38b 
Lipid (ash free dry basis, wt %) 8.52 ± 0.21b 1.98 ± 0.04a 9.64 ± 0.57b 
 
Table 3: Particle size (µm) distribution for Cedar wood biomass. Means labeled with the 
same letters are not significantly different (Tukey’s HSD test, α = 0.05). Means 




Fraction of particles retained 
20 >850 4.31 ± 0.27a 
45 355 - 850 40.07 ± 1.77d 
60 250 - 355 16.45 ± 0.21c 
100 150 - 250 16.93 ± 0.69c 
140 106 - 150 6.01 ± 0.35a 
200 75 - 106 6.81 ± 0.44ab 











Table 4: Pre – exponential factor (A) values (min-1) for DSC runs of all the combinations [T =Peak temperature from DSC run 






Estimates from DSC runs and FWO Plot for peak number: 
1 2 3 4 5 
T  A T  A T  A T  A T  A 
 
1 
10 87  
4.4 x 105 
211.3  
9.3 x 1018 
314.9  




NA 15 92.6 215.3 321.9 NA NA 
20 104.1 218.7 330.6 NA NA 
 
2 
10 94.7  
1.1 x 108 
185.2  






NA 15 100.5 194.5 362.8 NA NA 
20 107.7 205 367 NA NA 
 
3 
10 79.80  
1.7 x 108 
143.4  
5 x 1011 
250.7  
4.1 x 1023 
365.8  
4.4 x 1012 
NA  
NA 15 87.5 150.6 255.5 374.7 NA 
20 92 153.1 256.4 380.1 NA 
 
4 
10 79.9  
5.3 x 102 
177.4  
2 x 104 
368.5  
3 x 1011 
397.2  
8.2 x 106 
NA  
NA 15 96.1 183.6 376.1 407.7 NA 





Table 4 (Continued): Pre – exponential factor (A) values (min-1) for DSC runs of all the combinations [T = Peak temperature 






Estimates from DSC runs and FWO Plot for peak number: 
1 2 3 4 5 
T  A T  A T  A T  A T  A 
 
5 
10 84.7  
4.2 x 105 
244  
3.1 x 1021 
324  




NA 15 97.2 248.4 330.4 NA NA 
20 101.3 250.9 336.2 NA NA 
 
6 
10 90  
4.1 x 104 
183.2  
3.8 x 1010 
298  
1.4 x 10 
362.6  
1.8 x 10 
NA  
NA 15 106.3 191.8 310.5 369 NA 
20 108.4 195.1 372.4 434.7 NA 
 
7 
10 80.6  
1.8 x 106 
246  
2 x 1020 
327.9  




NA 15 87.5 249.2 332.9 NA NA 
20 96.5 253.3 374.5 NA NA 
 
8 
10 78  
3.9 x 104 
161.9  






NA 15 89.5 187.8 328.5 NA NA 




Table 4 (Continued): Pre – exponential factor (A) values (min-1) for DSC runs of all the combinations [T = Peak temperature 






Estimates from DSC runs and FWO Plot for peak number 
1 2 3 4 5 
T A T A T A T A T A 
 
9 
10 80.6  
2.1 x107 
145.4  
6.6 x 108 
239.7  




NA 15 86.4 154.5 251.4 NA NA 
20 94.3 158.4 255.1 NA NA 
 
10 










NA 15 86.4 192 NA NA NA 
20 93 212.6 437.7 NA NA 
 
11 
10 95.2  
5.8 x106 
214.1  
2.7 x 102 
320.8  




NA 15 101 249.5 325.2 NA NA 
20 110.3 251 337.1 NA NA 
 
12 









NA 15 102.3 202.3 354.6 NA NA 
20 107 220.7 376.5 NA NA 
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Table 4 (Continued): Pre – exponential factor (A) values (min-1) for DSC runs of all the combinations [T = Peak temperature 






Estimates from DSC runs and FWO Plot for peak number 
1 2 3 4 5 




10 81.9  
9.8 x103 
156.4  
4.6 x 1010 
249.5  




NA 15 86.5 160.8 252.2 328.5 NA 




10 76.7  
1.8 x 107 
152  
3.6 x 108 
243.5  
2.9 x 1012 
 
317.8  
1.9 x 108 
447.64  
NA 15 86.2 155.5 251.4 328.2 NA 




10 83.7  
9.5 x 107 
163.6  






NA 15 91.5 181.5 329.1 409.3 NA 




10 77.9  
1.9x 106 
178.9  






NA 15 86.3 198.8 339 401.5 NA 




Table 4 (Continued): Pre – exponential factor (A) values (min-1) for DSC runs of all the combinations [T = Peak temperature 






Estimates from DSC runs and FWO Plot for peak number 
1 2 3 4 5 




10 78.2  
4.3 x 107 
156.3  
3.8 x 108 
207  
8.6 x 107 
314.7  
1.7 x 1011 
NA  
NA 15 83 163.5 211.2 323 NA 




10 77.4  
2.7 x103 
174.2  






NA 15 95.5 191.3 NA NA NA 
20 103 213.7 341.8 NA NA 
 
17 





5 x 1014 
315.4  




15 99 161.5 216.4 326.5 NA 




10 90  
5 x104 
158.9  






15 98.6 176.1 356.7 405.2 NA 
20 111 206.4 373.8 NA NA 
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Total Change in 
Enthalpy, 
ΔH  
Total Change in Gibb’s 
Free Energy, 
ΔG  
1 339.74 327.70 363.80 
2 118.63 111.64 212.10 
3 548.52 532.22 489.77 
4 305.80 287.88 555.24 
5 418.81 406.37 374.28 
6 181.05 163.84 541.86 
7 282.89 270.51 380.10 
8 65.88 59.03 211.28 
9 215.40 204.49 329.99 
10 91.83 84.97 210.01 
11 192.39 179.96 383.89 
12 88.06 75.77 390.39 
13 398.55 ± 72.57 382.61 ± 72.53 482.72 ± 0.71 
14 87.28 ± 8.80 80.49 ± 8.76 207.62 ± 0.47 
15 350.01 334.10 494.75 
16 57.03 50.14 213.88 
17 308.27 296.12 367.68 




Table 6: Bio-char yield from various combinations (wt %) at different heating rate (10, 


























Bio-char at different heating rate (wt %)  
10 oC/min 15 oC/min 20 oC/min 
1 35.71 34.29 31.43 
2 40 31.42 27.14 
3 40 37.14 38.57 
4 40 31.42 57.14 
5 55.71 54.28 48.57 
6 61.43 52.86 40 
7 50 51.43 45.71 
8 48.57 57.14 40 
9 35.71 41.42 38.57 
10 44.28 61.42 70 
11 42.86 47.14 44.29 
12 52.86 57.14 61.43 
13  37.14 38.57 40 
13  44.29 42.85 38.57 
14  44.28 57.14 35.71 
14 35.71 52.86 31.43 
15  35.71 34.28 40 
16  40 52.86 48.57 
17  40 41.43 44.29 
  18  57.14 61.42 65.71 
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Table 7: Analysis of variance (ANOVA) for response surface models (from REG 










F – value Pr > F 
       
AB and 
CW 
Model 5 347665 69533 15.01 <.0001 




30.60 R2 0.8298   
       
CW and 
DS 
Model 5 347665 69533 15.01 <.0001 




29.41 R2 0.8428   
       
AB and DS Model 5 347668 69534 15.01 <.0001 




29.41 R2 0.8428   
 




Table 8: Analysis of variance (ANOVA) for response surface models (from REG 










F – value Pr > F 
       
AB and 
CW 
Model 5 328982 65796 13.55 <.0001 
 Lack of Fit 12 62627 5218.89 1.96 0.3878 
 Coefficient 
of Variance 
31.73 R2 0.8288   
       
CW and 
DS 
Model 5 334461 66892 14.99 <.0001 
 Lack of Fit 12 57148 4762.34 1.78 0.4147 
 Coefficient 
of Variance 
30.43 R2 0.8426   
       
AB and DS Model 5 334463 66893 14.99 <.0001 
 Lack of Fit 12 57146 4762.15 1.78 0.4147 
 Coefficient 
of Variance 
30.43 R2 0.8426   
 




Table 9: Parameter estimate of the biomass pair of AB and CW for Ea [CatRatio = 
Catalyst to Biomass Ratio, wt/wt] 






t Value Pr > |t| 
Intercept 1 367.38 43.99 8.35 <.0001 
AB        1 -8.95 9.47 -0.94 0.3608 
CW 1 -71.93 30.17 -2.38 0.0318 
CatRatio 1 -113.89 15.84 -7.19 <.0001 
AB * CW 1 11.73 6.60 1.78 0.0972 
(CW)2 1 13.43 4.23 3.17 0.0068 
 
p < 0.15 signifies statistical significance. 
 
Table 10: Parameter estimate for the biomass pair of AB and CW for ΔH 






t Value Pr > |t| 
Intercept 1 350.72 43.29 8.10 <.0001 
AB         1 -8.21 9.32 -0.88 0.3930 
CW 1 -68.20 29.69 -2.30 0.0376 
CatRatio 1 -112.10 15.58 -7.20 <.0001 
AB * CW 1 11.15 6.49 1.72 0.1078 
(CW)2 1 12.86 4.16 3.09 0.0080 
 









Table 11: Parameter estimate of the biomass pair of DS and CW for Ea  






t Value Pr > |t| 
Intercept 1 319.92 42.63 7.51 <.0001 
DS        1 -20.82 28.57 -0.73 0.4782 
CW 1 28.03 9.30 3.01 0.0093 
CatRatio 1 -113.89 15.22 -7.48 <.0001 
DS * CW 1 -9.59 5.34 -1.80 0.0938 
(DS)2 1 4.49 3.94 1.14 0.2742 
 
p < 0.15 signifies statistical significance. 
 
Table 12: Parameter estimate for the biomass pair of DS and CW for ΔH 






t Value Pr > |t| 
Intercept 1 308.63 41.84 7.38 <.0001 
DS        1 -21.84 28.04 -0.78 0.4490 
CW 1 26.99 9.13 2.96 0.0104 
CatRatio 1 -112.10 14.94 -7.50 <.0001 
DS * CW 1 -8.98 5.24 -1.71 0.1084 
(DS)2 1 4.53 3.87 1.17 0.2615 
 









Table 13: Parameter estimate of the biomass pair of AB and DS for Ea [CatRatio = 
Catalyst to Biomass Ratio, wt/wt] 






t Value Pr > |t| 
Intercept 1 516.14 47.63 10.84 <.0001 
DS        1 -115.98 30.41 -3.81 0.0019 
AB 1 -28.03 9.30 -3.02 0.0093 
CatRatio 1 -113.89 15.22 -7.48 <.0001 
AB * DS 1 9.59 5.34 1.80 0.0939 
(DS)2 1 14.08 4.09 3.44 0.0039 
 
p < 0.15 signifies statistical significance. 
 
Table 14: Parameter estimate for the biomass pair of AB and DS for ΔH 






t Value Pr > |t| 
Intercept 1 497.56 46.75 10.64 <.0001 
DS 1 -111.70 29.85 -3.74 0.0022 
AB 1 -26.99 9.13 -2.96 0.0104 
CatRatio 1 -112.10 14.94 -7.50 <.0001 
DS * AB 1 8.98 5.24 1.71 0.1085 
(DS)2 1 13.51 4.01 3.37 0.0046 
 








Table 15: Analysis of variance (ANOVA) for response surface models (from REG 










F – value Pr > F 
       
CW and 
AB 
Model 6 168664 28111 3.48 0.0283 
 Lack of Fit 11 105069 9551.73 26430.5 <.0001 
 Coefficient of Variance 24.70 R2 0.6162   
       
DS and 
CW 
Model 5 178450 35690 5.24 0.0064 
 Lack of Fit 12 95282 7940.21 21971.30 <.0001 
 Coefficient of Variance 22.67 R2 0.6519   
       
AB and 
DS 
Model 5 178450 35690 5.24 0.0064 
 Lack of Fit 12 95282 7940.21 21971.30 <.0001 
 Coefficient of Variance 22.67 R2 0.6519   
 





Table 16: Combinations of the three biomass (with and without catalyst ZSM–5) for 
furnace runs:  
 
Combination No. AB CW  DS Catalyst to biomass weight ratio  
1 100.00 0.00 0.00 0.0 
2 100.00 0.00 0.00 2.0 
3 0.00 100.00 0.00 0.0 
4 0.00 100.00 0.00 2.0 
5 0.00 0.00 100.00 0.0 
6 0.00 0.00 100.00 2.0 
14 33.33 33.33 33.33 2.0 
OM 4.29 38.57 57.14 0.0 
OM – 0.5 4.29 38.57 57.14 0.5 
OM – 1.0 4.29 38.57 57.14 1.0 













Table 17: GC – MS analysis of bio-oil obtained all the combinations subjected to pyrolysis in the furnace. Means for different 
chemical compounds having the same letter are not significantly different (Tukey’s HSD test, p > 0.05) [- = Not Detected; All 
comparisons are done along the rows for a given chemical compound within different combinations.] 
 




Yield (Area %) from combination number: 
1 2 3 4 5 6 14 OM OM – 0.5 OM – 1.0 OC 
AH 
- 57.76 ± 1.69c 1.27 ± 0.15a 84.9 ± 1.59f - 72.3 ± 1.33e 89.38 ± 0.97g - 22.88 ± 2.09b 62.89 ± 0.68d 83.12 ± 1f 
OA 
2.46 ± 0.08a 24.67 ± 1.14d 71.71 ± 2.04g 10.48 ± 0.67b 12.98 ± 0.51c 4.09 ± 0.05a 2.4 ± 0.11a 44.32 ± 4.42f 37.51 ± 1.3e 10.78 ± 0.24bc - 
Acids 
52.47 ± 1.07d - 2.09 ± 0.16a - 3.87 ± 0.05a - - 22.14 ± 1.42c 9.23 ±1.62b 3.55 ± 0.62a - 
Aldehydes 16.18 ± 0.64c - - - 3.03 ± 0.2b - 0.7 ± 0.01a - - - - 
Ketones - - 1.65 ± 0.31 - - - - - - - - 
Alcohols 4.75 ± 0.49c 7.45 ± 0.09e 9.93 ± 0.64f - 6.19 ± 0.19d 1.48 ± 0.04a 1.08 ± 0.01a 9.21 ± 0.02f 1.57 ± 0.02a 3.36 ± 0.12b 0.69 ± 0.03a 
Amines 0.47 ± 0.06 - - - - - - - - - - 
Amides 6.9 ± 1.93 - - - - - - - - - - 
Paraffins 3.43 ± 0.34a 2.65 ± 0.02a - - 4.93 ± 0.93a - - - - - - 
Olefins 3.27 ± 0.23b 1.74 ± 0.02a 7.83 ± 0.36d 4.62 ± 0.49a 9.39 ± 0.21e - 2.02 ± 0.2a 4.15 ± 0.22bc 10.61 ± 0.62f 7.42 ± 0.03d 5.25 ± 0.09c 
Alkynes 3.22 ± 0.27a 3.15 ± 0.01a - - - - - - - - - 
Esters 1.8 ± 0.56a 2.58 ± 0.11a - - 2.32 ± 0.05a - - - - - - 
Nitriles 5.05 ± 0.5b - - - 3.33 ± 0a - - - - - - 
Furans - - 5.51 ± 0.72 - - - - - - - - 
CDC - - - - 53.97 ± 0.75e 22.13 ± 1.6d 4.42 ± 0.22a 20.18 ± 1.08d 18.2 ± 4.22cd 12.01 ± 0.01bc 10.94 ± 0.99ab 
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Table 18: ASPEN PLUS simulation findings for the heat duty (kJ/hr) of the PYROLYSI 
and CONDENSE block for the various biomass combinations  
 
 
Blend # PYROLYSI CONDENSE 
1 8.68 -2.05 
3 8.80 -1.69 
5 6.93 -1.23 
7 7.56 -1.39 
9 8.18 -1.54 
11 7.51 -1.50 
13 8.14 -1.66 
15 8.72 -1.93 

















Fig 1: Pyrolysis unit setup – (a) Muffle furnace unit used for pyrolysis; (b) Condenser 













Fig 2: DSC thermogram for AB, CW, DS, and Combo 13 run at 10 oC/min heated from 25 to 500 oC. [Color pattern for 




Fig 3: DSC thermogram for AB, CW, DS, and Combo 13 run at 15 oC/min heated from 25 to 500 oC. [Color pattern for 




Fig 4: DSC thermogram for AB, CW, DS, and Combo 13 run at 20 oC/min heated from 25 to 500 oC. [Color pattern for 

























































































































Fig 30: Graph depicting the pyrolysis product yields for the 11 different combinations ran in the 
furnace.  
[OM – Optimum Mixture with biomass composition (wt %) of 57.14 DS; 4.29 AB and 38.57 
CW; 
OM – 0.5 = ZSM–5: OM wt/wt ratio = 0.5:1 wt/wt;  
OM – 1.0 = ZSM–5: OM wt/wt ratio = 1:1 wt/wt; 
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